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PREFACE 
TO THE FIFTH RUSSIAN EDITION 


All the chapters of the fifth Russian edition (which the 
present third English edition corresponds to), especially 
the sections "Fundamental Concepts and Laws", have been 
considerably revised and supplemented. This made it 
possible to give a stricter definition of the physical concepts, 
and also formulate the main laws. 

An introduction has been added giving the concept of 
а vector and information on the systems of units. 

Tho chapters "Mechanics" and "Electricity", unlike the 
previous editions, consider vector quantities such as the 
momentum of a body, the angular momentum, and the 
magnetic moment. 

The chapter "Structure of the Atom and Elementary 
Particles" has been completely revised. The introductory 
part has been expanded, the number of tables and graphs 
increased, and the data have been up-dated. 

The authors express their gratitude to M. I. Bludov for 
a number of valuable remarks which have been taken into 
account in preparing the present edition. 

The handbook has been revised by N. I. Koshkin. 


N. I. Koshkin and M. G. Shirkevich 


PREFACE 
TO THE FIRST RUSSIAN EDITION 


- Тһе present handbook covers all the main branches of 
elementary physics. Each chapter (or section of a chapter) 
consists of two parts. The first gives a brief treatment of the 
fundamental concepts and laws, and the second contains 
reference tables and graphs. 

The theoretical information set out in the first part by 
no means claims completeness. Here we have given the 
main definitions and formulations of laws, which are some- 
times accompanied by brief explanations and examples. 
The information given cannot even in a remote form replace 
а textbook or a special guide in physics, 

The tables and graphs included in the handbook also 
do not claim completeness of covering all the reference 
information on the relevant branch of physics. An attempt 
has been made to condense the multitude of information 
available at present into data most frequently used today 
by specialists in industry and agriculture, 

Special attention has been given to the choice of data 
on the latest developments in physics such as semiconductors, 
ferroelectrics and nuclear physics. 

The authors express their profound gratitude to V. F. Yakov- 
lev, V.I. Rodichev, and M. А. Gorbunov, of the N. К. Krup- 
Skaya Moscow District Pedagogical Institute, for their 
helpful advice and the aid they rendered in compiling 
this book, 


N. I. Koshkin and M. G. Shirkevic 


EXPLANATORY NOTES 


Most of the tables are arranged in alphabetical order. 
Some, however, are arranged in the order of increasing 
or decreasing values of the tabulated quantity. 

The numerical values of the quantities are given to two 
or three significant digits after the decimal point, which is 
sufficiently precise for most technical calculations. 

The number of digits given after the decimal point varies 
in the tables. This is due to the circumstance that some 
substances can be obtained in the pure form, whereas others 
are complicated mixtures of substances. For example, the 
density of platinum is given to four significant digits: 
21.46, whereas that of brass is given to within three units 
of the second significant digit: 8.4-8.7, since the density 
of brass varies within these limits depending on the compo- 
sition of the given specimen. 

If the heading of a column in a table contains a factor 
such as 10", this denotes that the values of the quantity 
in that column have been decreased 10" times; hence, to 
find the true values one must multiply the values given 
in the table by this factor. For example, in the heading 
of the last column in Table 18: "Compressibility of Selected 
pass at Different Temperatures" (p. 58) the compressibil- 
ty B has the factor 10-5 (В х 10-6 atm-1), Thus, the com- 
Pressibility of acetone (at 14.2°C), according to this table, 
is 111 x 10-6 atm. 
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The notes to the tables give the conditions for which the 
values of the tabulated quantities are valid (if these condi- 
tions are not indicated completely in the heading of the 
table), as well as additional information on how to use the 
tables, etc. 

If the physical significance of the tabulated quantity 
is not quite clear to the reader, he should refer to the relevant 
section: "Fundamental Concepts and Laws". The appendices 
contain information on the units of physical quantities, 
formulas for approximate calculations, and the values of 
selected universal physical constants. 


INTRODUCTION 


Vectors and Sealars 


All quantities in physics are divided into two kinds: 
Scalar and veetor. Quantities whose determination requires 
that we know only their numerical values are called scalar 
quantities or scalars. Quantities whose determination requires 


5 
uw, 0 ge «У 
—. 5 r : 
(a) (5) (с) (d), 


Fig. 1. Addition of vectors (a, b, c); resolution of a vector into its 
components (d) 


that we know not only their numerical values, but also 
eir direction, are called vector quantities or vectors. 

ü ectors are depicted in drawings in the form of arrows; 
Hie length of an arrow equals (to a definite scale) the nu- 
тше value (module) of the vector, and its direction cor- 
ie ie to that of the vector. Two vectors are equal if 
dati ave equal modules and the same directions. The 
a ition of vectors is shown in Fig. 1. Two vectors a and 

(Fig. 1a) can be added, for example, in two ways. 

In the first way (Fig. 1b), vectors a and b are transferred 
Parallel to themselves so that the end of one vector coincides 
With the beginning of the other. Now a vector drawn from 

s beginning of the first vector to the end of the second 
4 ìn Fig. 1b) equals the sum of these vectors. It is called 

vector sum, 

In the second way (Fig. 1c), vectors a and b are transferred 
Parallel] to themselvés so that their beginnings coincide. 


Эу 
2-0525 
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The sum of the vectors will equal the diagonal of a parallelo- 
gram constructed on them (in Fig. 1c the sum of the vectors 
equals c). Vectors are therefore sometimes said to be added 
according to the parallelogram law. Every vector a (Fig. 1d) 
can be resolved into several vectors 4,, аз, etc., whose sum 
gives vector a. The replacement of one vector with the sum 
of other vectors is called resolution of the véctor into its 
components. For example, the components of vector a in 
Fig. 1d are vectors ау, a, and аз. Multiplication of a vector 
by a positive scalar yields a vector having the same direc- 
tion, but a different module. Multiplication of a vector by 
a negative scalar reverses its direction. 


Systems of Units 


To measure a physical quantity means to compare it 
with another taken as a unit. The quantity being measured 
and the unit used for measurement should be homogeneous, 
i.e. determine the same property of bodies, but differ only 
in their numerical value. 

А unit is a value of a physical quantity used as the basis 


in comparing homogeneous quantities. Basic and derived 
units are distin, 


independently 
of a derived wnit is determined by the physical relationship · 
between the 

A complex of 


ponding to orange li ht (i.e. t iti en the 
levels 5d and p es A n (елган, betes 


The kilogram is the m. i i totype 
of "ilis bran ass of the international pro 
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x 1 zs 
The second is 31556 005-0727 Part of a conditional trop- 


ical year (for uniformly running time). According to a deci- 
sion of the 13th General Conference on Weights and Meas- 
ures (1967) and the relevant USSR State Standard, the second 
is the duration of 9 192 631 770 periods of radiation cor- 
responding to the transition between the two hyperfine 
levels of the ground state of the cesium-133 atom. 

. The definitions of the other basic quantities are given 
in the text: the ampere on p. 165, the kelvin on p. 66, and 
the candela on p. 196. 

The basic units in the CGS system are the centimetre (cm) 
(10-? m), the gramme (g) (1073 kg), and the second. Tho 
dielectric constant and the permeability of a vacuum are 
а equal to unity (see р. 164 and Table VII of the Appen- 

ix). 


CHAPTER I 


MECHANICS 


SCERT WB сҮ 


Date + Tos 
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When а body changes its position relative to other bodies 
it is said to be in mechanical motion. This change in position 
is determined by a change in the distance between the fixed 
points of the bodies. 


A. KINEMATICS 


FUNDAMENTAL CONCEPTS AND LAWS 


Kinematics is the study of the motion of bodies without 
regard to the cause of that motion. 

The simplest moving body is a point mass, defined. as 
а body whose dimensions can be ignored in describing its 
motion. For example, the annual motion of the Earth about 
the Sun can be regarded as the motion of a point mass, 
whereas the daily revolution of the Earth about its axis 
cannot. 

Every solid body can be regarded as a system of rigidly 
bound point masses. 

The path described by a moving point is called a trajectory. 
According to the form of the trajectory we distinguish be- 
tween rectilinear motion (the trajectory is a straight line) 
and curvilinear motion (the trajectory is a curve). We also 

istinguish between uniform and non-uniform motion. 
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1. Rectilinear Motion | 
| 


Uniform motion is motion in which a body traverses 
equal distances in equal time intervals; otherwise motion 
is non-uniform. Uniform motion is characterized by its | 
velocity. The velocity of uniform motion (v) is the distance (s) 
traversed in unit time (2): 


s 
v=— 
t 


or 
s= vt (1.4) 


In non-uniform motion we differentiate between instan- 
taneous and average velocities. If a body passes over the 
distance As in the time interval from t, to to + At, then 


is the average velocity for the time interval At. The instan- 


taneous velocity, or the velocity at a given moment fg, is the 
limit of the ratio: 


Р As 
Vinst = im "NES 


Velocity is a vector quantity. It is characterized by 
magnitude and direction in space. The addition (composi- 
tion) of velocities is performed according to the parallelo- 
gram law (addition of vectors). 


e units of velocity are: cm/s (CGS), m/s (SI), and non- 
System units km/s, and km/h. 
. Motion in which the velocity receives equal increments 
in equal time intervals is called uniformly accelerated. 
The rate of change of the velocity in unit time is called the 
acceleration. (a); more exactly 


(1.2) 


where v, is the velocity at the ti 
at the initial mome ч eT 


e t, and v—the velocity 
Acceleration is a] 


nt of time t. 
50 a vector quantity, 
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The units of acceleration are: cm/s? (CGS), m/s? (SI), 
and non-system unit km/s?, 

.The velocity of uniformly accelerated motion at any 
given moment is determined by the formula: 


vp = vo + at (4.3) 


where v, is the initial velocity. 

The acceleration may be positive (accelerated motion) 
or negative (decelerated motion). 

The distance traversed ‘during the time ¢ in uniformly 
accelerated motion is given by the formula: 


2 
з= A (4.4) 


The terminal velocity in uniformly accelerated motion is 
determined by the initial velocity, the acceleration, and 
the distance traversed: 


vj =v + 2as (1.5) 


The motion of freely falling bodies from a small altitude 
(much less than the Earth's radius) is an example of recti- 
linear motion with constant acceleration. If we denote the 
height from which the body falls (v; = 0) by №, and the 


acceleration of free fall (acceleration due to gravity) by g, 
then 


= = (1.4а) 


where ¢ is the duration of falling. 


2, Rotational Motion 


. The circular motion of a point about an axis is mofion 
in which the trajectory of the point is a circle whose centre 
18 on the axis and whose plane is perpendicular to the axis. 
The rotational motion of a body about an axis is motion 
in which all the points of the body describe circular motion 
about this axis, 
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Uniform rotation is motion in which a body turns through 
equal angles in equal time intervals. 
The angular velocity (w) of uniform rotation is the angle 
of rotation in unit time: 
о= 5 (1.6) 


where Ф, measured in radians, is the angle through which 
the Body turns in the time £. The angular velocity may 
also be expressed in terms of the number of revolutions n 
in unit time, or the period of revolution 7: 


@=2лп (4.7) 
v= (4.8) 


The instantaneous velocity of a point is the linear 
velocity of the point in rotational motion. The velocity vector 
is tangent to the trajectory. The angular velocity о is rela- 
ted to the linear velocity v by the formula: 


v = oR (1.9) 


hire R is the distance from the point to the axis of rota- 
ion. 

, In the case of non-uniform rotation we distinguish between 
instantaneous and average angular velocities. If a body 
has turned through the angle Аф in the time from tọ to 
to -+ At, then the average angular velocity (way) for the 
time At is 


ay = X 
The limit of this ratio is, by definition, the instantaneous 
angular velocity at the time tọ: 


. Аф 
OGjnst = lim —— 1.10) 
inst = lim -5z ( 


Rotational motion in which the angular velocity receives 
equal increments in equal time intervals is called uniformly 
accelerated. 

, The angular acceleration of uniformly accelerated rota- 
tion (e) is the rate of change of the angular velocity in unit 
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time: 
9-00 (1.11) 


where œ is the angular velocity at the time t, and oy— 
the angular velocity at the initial moment of time tọ. 

The angular velocity o and the papier acceleration & 
are vector quantities. The direction of the vector o is deter- 


mined by the right-hand screw law 

(Fig, 2): if the head of a screw is rota- Ке: 
ted in the direction of rotation of a body, Ф 

then the translational motion of the 


Screw coincides with the direction of o; 
the vector wis directed along the axis = 
si rotatio о. The direction of ше vector 
of angula wacceleration coincides wit Ў | 
that of о if the angular velocity grows; ne Uu юке, 
when the latter diminishes, the aree otan angular ve 
on i ite t at locity vector by 
of A the vector в is opposite to locity vine 
If uniformly accelerated rotational вогеветше 
motion is characterized by the number 
of revolutions n in unit time, then the a 
be introduced: 


cceleration e* can 


—n 
еж lim —— (4.42) 
t+to 2—60 


where n, is the number of revolutions at ‘the time ż, and 
fa the number of revolutions at the initial moment 0 
Ime ty, | 
The angular velocity of uniformly accelerated rotation 
and the number of revolutions in unit time after the time t 
has elapsed from the beginning of rotation are 
(4.13) 


© = оо + et and в = ng e*t 


The angle of rotation in uniformly accelerated rotation 
and the number of revolutions are 
ges peas (Hg 
Ф= Wot 3- —5— and N=not+ 5 á 


The velocity of a body travelling along a curvilinear 
trajectory varies not only in magnitude, but also in direc- 
tion (Fig. 3). 
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The change in magnitude of the linear velocity in unit 
time is called the tangential acceleration: 


atan = 


or, more strictly, 


аар — lim 


vi—Vo 


— Avtan (1.15) 
—to м 

Attan (1.46) 
At+o At 


where v, and v, are the linear velocities at the time to + At 


and at the initial moment of time to. 


Fig. 3. Tangential and nor- 
mal acceleration. М 

Vector ОК — o determines 
the velocity at point О (at 
the time t); vector O,K,—v 
determines the velocity at 
oint O, (at the time to} At). 

ector v; 18 transferred par- 
allel to itself to point О 
(line segment OM). The total 
change in the velocity Av is 
by line segment 
the change in the ve- 
locity with respect to its mod- 
ule (the tangential change in 
the velocity Avtan) equals 
line segment LM (OK = OL); 
the change in the normal 
component of the velocity 
Ao, equals line segment KL. 
The accelerations а, ашар, 
апа ат will equal the corres- 


ponding changes in the ven 
locity in unit time 


The tangential acceler- 
ation is related to the angular 
acceleration by the formula: 


@tan=eR (4.17) 


The direction of аап at a 
given point of a trajectory coin- 
cides with that of the linear 
velocity or is Opposite to it. 

The change in velocity in di- 
rection in unit time is called 
the normal acceleration: 


Av, 
а 


ог, more strictly, 


(1.18) 


Av, 
ар = іт = 1.19) 
ameo ar 


The normal acceleration is 
directed along the radius of 
curvature of a trajectory 
(towards the axis of rotation). 

For example, when a body 
is in uniform rotation, its 
points are in accelerated mo- 
tion because the direction of 
their velocity is continually 
changing. The normal accelera- 
tion in this case is directed 
towards the axis of rotation 
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(i.e. perpendicular to the direction of the linear velocity) 
and is called the centripetal acceleration: 


v он С 
ao a = wR (1.20) 


where v is the linear velocity, @—the angular velocity, 
and R—the radial distance of the point from the axis of 
rotation. 

The total acceleration of a point of a body in uniformly 
accelerated rotational motion (see Fig. 3) is 


a? — a adn (4.20) 


3. Motion of Bodies 
in the Earth's Gravitational Field 


Figure 4 illustrates the trajectories of bodies which are 
projected from point А near {һе surface of the Earth with 
different velocities.* In all cases the velocity is directed 
horizontally. The trajectory is 
a circle if the velocity v of v 
a body at point A is such that v 
the acceleration of free fall g жене 
is equal to the centripetal accel- 


2 
eration т (В is the radius of 


the trajectory, which for a 
small altitude can be taken 
equal to the radius of the 
Earth). Hence 


v = V Rg = 7.93 km/s Fig. 4. Trajectories of bodies 


А in the Earth's gravitational 
This value is called the first field 
cosmic velocity. If the velocity 
of the body at point A is greater than 1.93 km/s but less 
than 14.16 km/s, then the trajectory is an ellipse; the focus 
of the ellipse nearer to the point of departure (point А) 
lies at the centre of the Earth (this ellipse is depicted by 
a solid line in Fig. 4). If the velocity of the body equals 


—————— 


* The resistance of the air is ignored. 
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11.16 km/s—the second cosmic velocity, then the trajectory 
is a parabola. If the initial velocity is greater than 11.16 km/s, 
then the trajectory becomes a hyperbola. In the last two 
cases the body leaves the Earth and goes off into interplane- 
tary space. The least velocity required for a body to leave 
the Earth is sometimes called the escape velocity. The path 
of a body moving with a velocity less than 7.93 km/s is an 
arc of an ellipse (dotted line in Fig. 4) whose distant focus 
coincides with the centre of the Earth. 

If the velocity is much less than 7.93 km/s, the arc may 
be regarded as parabolic. 

If a body is projected from the surface of the Earth at 
the angle c, with an initial velocity vy much less than v — 
= 7.98 km/s, then in this case, too, the acceleration of free 
fall may be considered constant in magnitude and direc- 

tion, while the surface of 
the Earth may be regarded 
as flat. The trajectory will 
then be a parabola (Fig. 5). 
The range (5) and the max- 
imum height (Н) are calcu- 
lated by the formulas: 


CERTE IA = =: апа 
8.1km 
198km H- v2 sin? q (1.22) 
Fig. 5. Trajectories of bodies n 2g d 


RICE from the surface of the 
arth with velocity v = 550 m/s: 
curve I—angle of projection 
@ = 20°; curve II—dngle of pro- 
Jection a=70°; curve III—angle 


where vo is the initial ve- 
locity of the body. 
The range will be the 


of projection @ = 20°, with air 


resistance taken into account same for two values of the 


angle of projection: a, and 
: оз, where о. = 90° — о. 
The maximum range corresponds to the angle о = 45°. 

If the resistance of the air is taken into account, the 
range and the height of the trajectory diminish. For example, 
in the absence of air resistance a body thrown at an angle 
© = 20° with an initial velocity v; = 550 m/s would have 
a range of 19.8 km, whereas a projectile fired at the same 
angle and with the same initial velocity in air would have 
a range of only 8.4 km. 
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TABLES 
Table 1 
Accelerations (Approximate Values) 
Accelera- Decelera- 
Accelerated motion tion, Decelerated motion tion, 
m/s? m/s? 
Subway аш... 1 Emergency braking 
Racing car .... 4.5 of automobile . . 4-6 
Elevator in house 0.9-1.6 Landing jet plane 5-8 
Passenger train . . 0.35 Parachute opening 
Tramcar.. s... 0.6 when rate of fall 
Launching of rocket 30-90 is 60 m/s... . | about 60 
Shell in gun barrel 100 000 
Table 2 
Kinematic Parameters of the Planets 
Ts T. Vos 7, 

Planet | (in years) km/s | km/s | № 
Mercury. . 0.241 88 days 48.8 4.20] — 
Vents i. 0.615 24745 days 35.0 | 10.2 — 
Earth ate 1.00004] 23 h 56 min 4 s| 29.8 | 11.16 1 
Mars. ... 1.881 24 h 37 min 23s| 24.2 5.01 2 
Jupiter ..| 11.86 9h51 min 13.06| 59.5 | 12 
Saturn . . . | 29.46 10 h 14 min 9.65| 35.4 9 
Uranus ..| 84.01 10 h 49 min 6.78| 22.2 5 
Neptune . . |164.8 14 h (?) 5.42| 24.8 2 
Pluto ..„ [247.1 ix 4.13| — $ 
Moon ...| (satellite | 27 days 7 h — 2.37| — 

of the 43 min 11 s 
Earth) 
——_ 
Note. Тс—регїо@ of revolution about the Sun 

To—period of revolution about axis 

v— Orbital velocity 

v—escape velocity 

N—number of satellites. 
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Table 3 


Dependence of Escape Velocity v on the Altitude H 
above the Earth's Surface 


H, H, D, 
103 km km/s 103 km km/s 1 
Л 
0 11.19 5 8.37 
0.5 10.77 10 6.98 
1 10.40 20 5.50 
2 9.76 30 4.68 
Table 4 
Period of Revolution Т of Earth's Satellite 
at Different Altitudes Н 
H, km T.h H, km T, h H, km T, h 
0 1.41 1000 1.75 5000 3.35 
250 1.49 1500 1.93 10 000 5.78 
500 1.58 1690 2.00 35 800* 23.935 
750 1.68 2000 2.12 


* The mean altitudes of revolution are indicated. 


B. DYNAMICS 
FUNDAMENTAL CONCEPTS AND LAWS 


Dynamics deals with the laws of motion of bodies and 
the factors which cause or change this motion. Any change 
in the motion or shape of a body is a result of the interaction 
of at least two bodies. 

The physical quantity characterizing the interaction of 
bodies is called a force; it determines the change of motion, 
or the change of shape of a body, or both. 

‚ Force is a vector quantity. The addition of two forces 
simultaneously acting on a body is performed according 
to the parallelogram law (addition of vectors). 
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1. Laws of Dynamics 


Newton’s first law. Every body continues to be in a state 
of rest or straight-line uniform motion unless it is compelled 
to change that state by the application of some external 

orce. 

That Property of matter by virtue of which a body tends 
to retain the magnitude and direction of its velocity un- 
changed when no (or balanced) forces act on it is called 
inertia. The change in the motion of a body depends not 
only on the force acting on it, but also on the properties 
of the body itself. Experiments show that the ratio of the 
magnitude of a force to the acceleration it produces always 
remains constant for a given body (at low velocities). The 
physical quantity proportional to this ratio is called the 
mass of a given body: 


m= — 


a 


The coefficient Æ depends on the chosen system of units. 
Mass is a measure of the inertia of a body. 

The mass in Newton's laws characterizes inert properties; 
mass is also encountered in the law of universal gravitation 
(see p. 35), where it characterizes gravitational properties, 
і.е. the property of bodies to attract each other. Consequent- 
ly, we can distinguish between the inert mass and the grav- 
itational mass. All experimental facts, however, indicate 
that these two masses of a body are equal. Therefore simply 
a mass is spoken of in physics. 1 А 

At high velocities close to the velocity of light in a 
vacuum, the mass depends on the velocity: 


= Vig (1.23) 


Where m is the mass of a moving body, mo—that of a sta- 
tionary’ body, B = = v—the velocity of the moving body, 


, 


and c—the velocity of light in a vacuum. 

Newton's second law. The acceleration of a body as a re- 
sult of the force F acting on it is proportional to the magni- 
tude of this force and inversely proportional to the mass 
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of the body m. The direction of the acceleration coincides 
with that of the force: 


uen. (4.24) 
т 


The unit of force or mass is selected so that the coef- 
ficient k equals unity. "E: 

In the SI system the unit of force is the force which im- 
parts an acceleration of 1 m/s? to a body having a mass 


of 1 kg. This unit is called the newton (N). In the CGS system 
the unit of force is the dyne (dyn); 


1 N = 105 dyn 


The product of the mass of a body and its velocity is 
called the impulse of the body (or its momentum): 


р = mv 
Impulse is a vector quantity coinciding in direction 
with velocity. 


If the force applied to a body is constant in magnitude 


and direction, Newton's law can be written as follows, 
using Eq. (1.2): 


po BU „ЁЁ 35 
=e or F X (1.25) 
Equation (1.25) can be written more strictly as follows: 
у Ар 
F=lim =. 1.26) 
At+o At ( 


Thus, the change in the impulse of a body in unit time 


equals the acting force (both in magnitude and direction). 

Newton's third law. The forces with which two bodies 
act on each other are directed along one straight line, are 
equal in magnitude and Opposite in direction: 


| pen 
or 4 Fs 


ma, = —тзаз (4.27) 


where F, is the force acting on the first body, F,—the force 
acting on the second body, and m, and m,—the masses 
of the first and second bodies, respectively. 

А е forces acting on a system of bodies can be divided 
into two kinds—internal and external. The forces acting 
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between the bodies in the system are called internal, and 
the forces due to interaction with bodies not belongin 
to the given system are called ezternal. A system is calle 
closed if external forces are absent. The law of conservation 
of impulse (momentum) is observed for a closed system: 
the vector sum of the impulses of bodies in a closed system 
18 a constant quantity: 


Ур = const 


For example, in a system consisting of two bodies the 
following relation is satisfied: 


тущ F тәш; = түйү + тарз 


Where v, and v, are the velocities of the first and second 
bodies before interaction, and ш; and u,—the respective 
velocities after interaction. 


2. Dynamies of Rotation 


i Newton’s second law for rotational motion takes the 
orm: 


М = Је (4.28) 


Here the moment of inertia (J) is analogous to the mass, 
the moment of force (M)—to the force, and the angular 
acceleration (e)—to the linear acceleration. | 
he moment of force is the product of the force and its 
àrm (the shortest distance between the line of action of the 
Orce and the axis of rotation). r . ur 
. The moment of force is a vector quantity; its direction 
is determined according to the right-hand screw rule (see 
elow). The directions of the moment of a force and the 
angular acceleration coincide. Р 
two moments of force are applied to а body, producing 
Totation in opposite directions, then one of them is arbit- 
Tarily considered positive, and the other negative. 

e moment of inertia (or rotary inertia) of a point mass 
about an axis is equal to the product of the mass and the 
Square of its distance from the axis: 

J = mR? (4.29) 


3-0525 
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The moment of inertia of a body is the sum of the moments 
of inertia of the point masses which the body is composed of. 
The moment of inertia of a body can be expressed in terms 
of its mass and dimensions. 

The moment of inertia of a body about an axis can be 
determined if we know the moment of inertia oi the body 
about a parallel axis passing through the centre of gravity 
of the body (see p. 46), the mass of the body m, and the 
distance between the two axes b: 


= J+ mb? (1.30) 


In uniform rotational motion the sum of all the moments 
of the forces acting on the body is equal to zero. 

Newton's second law for rotational motion can be ex- 
pressed through the impulse of a body. To do this a quan- 
tity called the moment of momentum or the angular momen- 
tum L is used. The angular momentum is a vector quantity 
numerically equal to the product of the impulse of a body 
(momentum) and the arm r: 


Г = тиг = pr 


The directior. of the vector L is determined according 
to the right-hand screw rule: if the head of a screw is turne 
in the direction of rotation of a body, then the forward 
motion of the screw will coincide with the direction of L. 
The directions of M and о are determined similarly, Hence 
the law of rotational motion can be defined as follows: the 
change in angular momentum in unit time equals the moment 
of the forces acting on a body: 


Lı—L AL 
MITIS =i E 
11 т MX (1.30) 


wliere L, and L, are the angular momenta at the time t 
and to. 


The vector sum of the angular momenta of bodies forming 
a closed system is a constant quantity: 


3n — const 


(the law of conservation of angular momentum). 
, The uniform motion of a point in a circular path (uniform 
circular motion) is characterized by centripetal accelera- 
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tion (which causes the velocity to change in direction) and 
can take place only if a force acts to produce this accelera- 
tion. This force is applied to the point which is describing 
circular motion and is called the centripetal force: 


Fe= 7 =mwR (1.32) 


The centripetal force is directed along the radius towards 
the axis of rotation and its moment is equal to zero (the 
arm of the force is zero). 

The units of the moment of force аге N -m (SI) and dyn -cm 
(CGS); the units of the moment of inertia—kg-m? (SI) 
and g-+cm* (CGS); 


1 kg-m? = 107 g-cm? 


3. Law of Universal Gravitation 


The force of attraction F between two point masses m, 

and m, equals: 
mnm 
F=y a (1.33) 

where А is the distance between the masses, and y—the 
gravitational constant equal to 6.67 X 10-8 cm?/g.s? (in 
the CGS system of units*). The gravitational constant is 
a quantity numerically equal to the force of attraction 
between two point masses of unit mass separated by unit 
distance. In the case of homogeneous spheres of masses 
m, and mg the force of attraction is given by the same for- 
mula, except that R now denotes the distance between the 
centres of the spheres. 

The force of attraction between а body of mass m on'the 
Surface of the Earth and the Earth 


Мет 
Pat (1.34) 


where Ме is the mass of the Earth, and Ry;—the radius of 
the Earth. 


* See p. 260 for the CGS system of units. 
3* 
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All bodies at a given point of the Earth fall with iden- 
tical accelerations relative to its surface. This acceleration 
in free fall is usually designated by the symbol g. Because 
of the daily rotation of the Earth the acceleration g will 
be due to the vector sum of two forces: the force of attraction 
to the Earth Р [see Eq. (1.34)] and the centripetal force Fo 


@ (6) 


Fig. 6. (a) Direction of force of gravity P and force of attraction to 
the Earth F; (b) acceleration of gravity (intensity of gravitational field) 


versus distance from the centre of the Earth (the Earth is regarded аз 
a homogeneous sphere) 


[see Eq. (1.32)]. Th i 
ts 3 КБ e resultant of these forces is called the 


The force of gravity of a body havi is deter- 
mined by the expression У Ваш a: mass qn 18 de 


P = mg (1.35) 


E an i Íorce of attraction to tbe 
: Iücantly) from each other in magnitude 
ps y ion. The angle œ between the directions of the 
orces P and F (Fig. 6a) at the latitude 9 is 


о = 0.0018 sin 29 

The direction of Р coincid i ines 

: es with that of a plumb line; 

с i attraction F is always directed towards the 

onl ith 9 Earth; the two forces coincide in direction 

а 1у а "Mie poles, where P — F, and at the equator, where 
с. 
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Рог this reason and also because the shape of the Earth 
differs from a spheroidal one, the acceleration of gravity 
depends on the latitude (see Table 13). 

In accordance with the law of gravitation, the accelera- 
tion of moe (the intensity of the gravitational field) 


at a height H above the surface of the Earth is given by the 
formula: 
XE C 
Е Ret Hy 
or 
RÈ 
&=80 Rp H Hp (1.36) 
where gy is the acceleration at the Earth's surface. 
In the first approximation for H < Rp 
H 
аж n (12-55) (4.87) 


At the centre of the Earth the intensity of the gravita- 
tional field is equal to zero. If the Earth is regarded as a ho- 
mogencous sphere, then g increases with increasing distance 
from the centre of the Earth. Outside the Earth g decreases 
with increasing distance from the centre of the Earth. The 
dependence of the acceleration g on the distance R from 
the centre of the Earth is graphically depicted in Fig. 6b. 


4. Friction Forces 


When two solid bodies in contact are in motion relative 
to each other, a force arises which hinders this motion. 
This force is called the force of friction. It is caused by the 
irregularities of the surfaces in contact, as well as by forces 
of molecular interaction. When there is no layer of liquid 

etween the surfaces, we speak of dry friction. 

When a body at rest on a flat surface is acted upon by 
a force parallel to the surface of contact of the bodies, the 
body will begin to move only when the force reaches a 

efinite magnitude. This magnitude of the force determines 
the maximum value of static friction. - | 

According to the character of the motion giving rise to 

Ty friction we distinguish between sliding friction (one 
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body slides over the surface of the other) and rolling friction 
(one body rolls on the surface of the other). 

The magnitude of sliding friction Fpp depends on the 
nature and quality of finish of the surfaces in contact and 
on the force pressing the surfaces together (the normal 
force Fy): 


Е = ЕР (1.38) 
t 


where k is the coefficient of friction depending on the nature 
and quality of finish of the surfaces in contact, and to a slight 


k, arbitrary units 
- N 


© 


10 20 20 
v, m/s 


Fig. 7. Dependence of force of friction on the velocity of a steel plate 
over a steel surface (the quantity h is in abina? units) р 


D. on the velocity of motion (the dependence on the 
velocity is usually ignored). 

The coefficient of static friction kst changes its magnitude 
with a change in the absolute value of the force applied 
to a body; however, 0 < kst < k, where К is the coefficient 
of sliding friction. 

Figure 7 shows an approximate dependence of the force 
of friction on the velocity of a steel plate over a steel sur- 
face. The values of the quantity k are given in Table 12. 
calling friction is less than sliding friction. Rolling 
tiction depends on the radius R of the rolling body, оп 
Ше normal force, and on the quality of the surfaces in con- 
Еһ 
| R 
where k’ is a quantity characterizi i tact; 
k' has the dimension of length. ^ Чана шон 

The following are two examples of the value of k' in cm: 


A wheel with a steel tyre on a i 
steel 08 
A cast iron wheel on a steel гай 2222200202227 007 0:12 


Fuck 


(1.39) 
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5. Density of a Substance 


The mass per unit volume of a substance is called its 
density (p). The concept of specific gravity is frequently 
used. Specific gravity (d) is the weight of à substance per 
unit volume: 


(1.40) 


= 
ll 
S| ME 


d (4.44) 


where m is the mass of the body, P—its weight, and V— 
its volume. А 

In engineering non-uniform (for example, loose) bodies 
àre characterized by the volume (or bulk) density, which 
is the mass of a unit ivolume (1 m3) of the given 
Substance. h 

When determining the volume density, the volume is 
determined with inclusion of the spaces between the par- 
SP" lumps, etc. in the relevant material (sand, grain, 
Coal, firewood, etc.). 

The units of Ec are kg/m? (SI) and g/cm? (CGS); the 
Units of specific gravity—N/m? (SI) and dyn/cm? (CGS); 


1 kg/m3 = 1073 g/cm? 


6. Work, Power, and Energy 


, Work (А) in physics is the product of the force and the 
distance through which it acts. If the force does not coin- 
cide in direction with the distance, then the work equals: 


А = Fscosa@ (1.42) 


Where о is the angle between the force (F) and the distance 
(s) through which the body moves. 

. The work done when а body moves through the angle Ф 
in rotational motion at a constant moment of force M is 


Аго = МФ (4.43) 
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Power (N) is the work performed in unit time: 


N- 4 p (1.44) 


where F is the force, and v—the velocity. 
The power of a rotating body is 


Nrot—- Mo (1.45) 


where o is the angular velocity. 

The ability of bodies to perform work is determined by 
a physical quantity called energy. There are two forms of 
mechanical energy: kinetic energy (Ey), or the energy. of 
motion, which depends on the relative velocity of bodies, 
and potential energy (Ep), or the energy of position, which 
depends on the relative position of the bodies. The sum 
of the kinetic and potential energies of all the bodies in 
a system is called the total mechanical energy of the 
system. 

Forces whose work does not depend on the form of the 
path are called conservative (for example, forces of gravity); 
forces of friction are not conservative. 

, If external forces (see p. 33) act on the bodies of a system 
in addition to the internal conservative forces, the total 
energy of the system changes. 


If we denote by E, and Ё, the initial and final energies 
of the system, then 


E,—E,—4A 


where А is the work done by the external forces. ; 
The change in the total energy of a system of bodies 
between which conservative forces are acting equals the 
Work of the external forces acting on the bodies of the system. 
In a closed system of bodies (i.e. when external forces are 
absent and their work А — 0) the total energy of the system 
remains constant. This is one of the fundamental laws 0 
mechanics—the law of conservation of energy. The presence 
in a closed system (see P. 33) of non-conservative forces 
(for example, forces of friction) results in a reduction in the 
ар In this case the mechanical energy 
transforms into other kinds of energy (see p. 67). 
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The kinetic energy of a body equals 


2 
B= (1.46) 


where m is the mass of the body, and v—its velocity. 
The kinetic energy of a rotating body equals 


n- 22 uan 


where J is the moment of inertia, and —the angular 
velocity. 

The potential energy of a body in the field of gravitation 
of the Earth is 


M 
Ey=—y— (1.48) 


where y is the gravitational constant (p. 35), Mg—the 
mass of the Earth, m—the mass of the body, and R—the 
distance from the centre of the Earth to the centre of gravity 
of the body. 

It is customary practice in physics to consider the poten- 
tial energy of forces of attraction negative, and that of 
forces of repulsion positive; this is the reason why a minus 
sign has been used in formula (1.48). 

When a body is raised to a small height above the surface 
of the Earth, the gravitational field of the Earth may be 
regarded as homogeneous (the acceleration of the free fall 
is constant in magnitude and direction). In a homogeneous 
field the potential energy of a body equals 


Ер = mgh (1.49) 


Where m is the mass of the body, g—the acceleration of 
free fall, h—the height of the body measured from some 
arbittary level at which the value of the potential energy 
is taken equal to zero. The surface of the Earth can serve, 
for example, as such an arbitrary level. 

The units of work and energy are the joule (SI) and erg 
(CGS); the units of power—the watt (SI) and erg/s (CGS); 


1 J = 10? erg 
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TABLES 
Table 5 
Density of Selected Solids (zt 20°С) 
p Pe m8 
Substance 103 kg/m3 Substance 103 kg/m‘ 
Metals and alloys Wood (air-dry) 
Aluminium .... 2.7 Ash, mahogany . . В 
Bismuth...... 9.8 Balsa wood... . 04 
НИШ a facea 8 4 8.4-8.7 Bamboo ...... 0.7 
Bronze sg Gis ass 8.7-8.9 НИШ мака 0.5:0.6 
Cast iron ..... 7.0 ВОНГ уа веек 1-1.3 
Chromium .... 1.15 БОЛУ 2&4 rs уа, 
Cobilt....... 8.8 Ironwood (lignum 4-1.4 
8.88 ЖИМ) ione na 1 1:0:9 
8.98 | Oak, beech JE s 
. Pine, spruce... "8-0. 
5.3 Walnut. «жае + 0.6-0.7 
19.31 
7.88 
11.35 Minerals and rochs 
1.76 5 
8.5 Anthracite (dry) . 22 
10.2 Apatite ...... ‘6 
8.9 Asbestos... . . . 8 
8.77 | Barite. 00... 2 
8.57 МАЛАШ S iac. v 
8.6 Bauxite ...... 12 
8.2-8.3 НЕТУ] paining 8 
21.46 Galette „с. ў 
19.25 Chalk (air-dry) 0 
Silicon, ...... 2.3 Corundum ..... 1 
Silver атг 10.5 Diamond ..... 0 
Sodium ....;; 0.975 | Granite . l1... 25 
SIBI ad bera 7.1-1.9 Graphite ..... `60 
Supermalloy 8.87 Kaolinite ..... "8 
Tantalum...) 16.6 Магые....... 0 
Thallium ..... 11.86 Miea.22..... 5 
Thorium ..... 41.71 QudrE uuu 
И, fonde wp вн 1.29 
Titanium ..... 4.5 . 
Tungsten |... 19.34 Miscellaneous 
Uranium 1, 19.1 materials 
Vanadium... . . 6.02 1 
ре" 7.15 AmbBer.-;:.... 1 SE 
Zirconium . . . . 6.5 Bakelite varnish і. 


а 
Se dou 0 
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Table 5 (concluded) 


Substance 103 Калпа 


Substance 103 kesms 


Beeswax white . . 


o 
го 


oo 
© 


Glass, common . . 
Ditto, mirror... 
Ditto for thermom- 
eterBis vv p d 
Ditto, Pyrex ... 
Ditto, quartz ... 
Ice (at 0 °С) 
Porcelain ..... 
Rubber, ordinary, 
hdd ac ewes 


oo a 
es 


b Boban elo 
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Plastics and 
laminated. plastics 


Cellon....... 
Fluoroplastics . 
и amino- 


= 


218808 а fabric 1. 
Phenolic plastic, 
impregnated 
Plexiglas 
Polystyrene 
Polyvinyl plastic 1.3 
Vinyl plastic . . . | 1.3 


uu me be 
эк==» > 


Table 6 
Density of Selected Liquids (at 20°C) 
Li 2 Liquid p 
лаш 103 kg/m3 qu 103 kg/m3 
NENNEN WM dd ann Lc 
Acetic acid . . . . 1-0.49 Hydrochloric acid 
Acetone ...... 0.791 ЗВ)... 1.19 
Aniline oee oo 1.02 Liquid uon 0.8 
Benzene.....- 0.879 Machine oi! . 0.9 
Bromine . . 3.12 Mercury .. eses 13.55 
Chloroform . 1.489 Methyl! alcohol . 0.792 
Crude oil . 0.76-0.85 Milk of average 
Ethyl alcohol . 0.79 fat content ...| 1.03 
Formic acid . 1.22 Nitric acid 1.51 
Gasoline 0.68-0.72 Nitrobenzene ... 1.2 
Glycerine . . 1.26 Nitroglycerine 1.6 
eav Sea water... 1.01-1.03 
(020) иа E 4.1086 || Sulphuric acid 1.83 
Нерате...... 0.684 | Toluenc..... .| 0.860 
Hexane 1:22: 0.660 Water... 0.99823 
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Table 7 


Density of Selected Metals in the Liquid State 


= М Tempera- „бе 
Substance pus 103 fms Substance] ture, °С | 103 kg/m 
Alumi- M 0 Potas- 64 | 0.82 
nium 1100 1 sium 
Bismuth 100 Silver 1000 220 
962 1200 9.00 
Gold р 
Sodium | 00 д> [е 
100 0:780 
p o] лл 
тіп 409 de. 
i ; 574 6.729 
4 Мы 704 E 
Table 8 
m atures 
Density of Water and Mercury at Different Temperatur 
t, p, Ыр 1, р, | і, рпа 
°С [108 kg/m3 6 |103 казу ed |103 Кута! «& |103 kg/m 
(a) Density of water 
[-10| 0.998 157 6| 0.999 97) 50 0.988 07| 250 
=| 0.999 301 7| 0:992 93| 60 0.988 24) 300 
0|0.99987| 8| 0:999 88| 70 0.977 81| 350 
4| 0.999 931 9| 0:999 81| 80 0.971 83| 374.15 
2| 0.999 97/10 | 0:999 73 90 | 0.965 34| (critical 
3 | 9-999 99120 | 0:998 23| 100 0.058 38] tem- 
2 1.000 00/30 | 0:995 67| 190 0.9173 | pera- 
510.999 99140 | 0:992 24| 200 0.869 0 || ture)* 
(b) Density of mercury (at pressure of 1 atm) 
9 [13.5951 |25|13.533 5 | 50 13.4723 | 75 13. 
53.5827 |30 [13.5212 | 55 13.4601 | 80 13. 
1013.5704 135 13:509 0 | 60 13.4480 | 90 13. 
15/13.5580 |140 [13.4967 | Gs 13.435 8 | 100 1 
20113.545 7 [45 |13:484 5 || 70 13.423 7 [300 
E dus ШЙ. 
* 


For critical temperature sec pp. 70, 
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Table 9 


Density of Gases and Vapours 
(at 0°C and 760 mm Hg) 


p. 
Substance | kg/m3 Substance 
1 
Acetylene . . . . . 1.173 Ethyl ether (satu- 
MATE a onox ore ats e 1.293 d). . 
Ammonia ..... 0.771 
АШ нае 1.783 
Benzene  (satura- 
LOIS re на 0.012 
Carbon dioxide . . 1.977 
Carbon monoxide 1.25 
Chlorine . . 3.22 
Ethyl alcoh Water vapour (sat- 
urafed) а... 0.033 vrated) =: 


Note. For saturated water vapour see Chap. 2. 


Table 10 
Volume Density of Selected Substances 
tune pontine 
Substance ensity, Substance ensity, 
pii kg/m? kg/m3 
Asbestos felt . . . 600 Masonry, red brick |1600-1700 
Asbestos paper. . 850-900 || Ditto, silicate brick |1700-1900 
Asphalt.. s» 2120 | Мірога (formalde- 
PEOLE 2-а еса: 650 hyde-urea foam) | not more 
Broadcloth .... 250 than 20 
Cement, powdered 4400 рейв. у. =... 700 
Clay, 15-20% mois- Potatoes. . . . » 670 
ture content by Pressboard (made 
weight... 1600-2000 of reeds) . . . · - 260-360 
Concrete, dry... 1600 Reinforced con- 
Concrete mixed with crete, 8% moisture 
crushed rock, 8% content by weight] 2200 
moisture content Запа........ 1200-1600 
by weight .... 2000 Sandstone . . . .. +2600 
Corn (grain)... . 750 Silk эз ъз = Р 100 
Cotton wool, air-dry 80 Slag, blast-furnace 600-800 
Foam concrete . . 300-1209]| Ditto, furnace .. 900-1300 
Gravel, air-dry . . 1840 Slag concrete, 18% 
Hay, compressed 100 moisture content 
Ditto, fresh-mown 50 by weight. ...| 1500 
Lime plaster, 6-8% Snow, compact . . | 200-400 
moisture content Ditto, fresh-fallen 80-190 
by weight... . 1100 Woolen cloth. . . 240 
Lime, powdered . . 500 Woolen felt... .| 800 
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Table 11 


Moments of Inertia of Selected Homogeneous Bodies 


Body Axis 


į Thin bar of length ! Perpendicular to bar 


and passing through 
its centre 


der of radius r of disk and passing 
through its centre 


Sphere of radius r 


Circular disk or cylin- | Perpendicular to plane 
Coinciding with diam- 
eter 


Coinciding with axis 


or ring of radius г of tube 


Thin cylindrical tube | 


тет == s | 3 


Circular cylinder of Perpendicular to axis Br 
length ! and radius r of cylinder and pass- | ™ 12 i 7) 
ing through its 
centre 


pee |) 


Rectangular parallel- Passing throu 2422 
igh centre b 
cpiped of dimen- а ага vr 
sions 2a, 2b, 5c a ташагы ща 2 
———— 


Note. The table gives the m 
axes which ps through th ent: 
ju 


formula (1.30), For example’ th f a thin 
bar about an ixis ple, the moment of inertia of 


) 5 perpendicular to 
one of its ends is: 


game (© 2 т? 


ч uU Ug 


2 3 
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Table 12 


Coefficients of Sliding Friction for Selected Materials 


Surfaces in contact k 


Bronze on һгопте...............+. 
Ditto on steel... ee ee rn nn 
Cast iron on bronze 
Ditto on cast iron 
Copper on cast iron 
Dry wood on wood 
Fluoroplastic-4 on fluoroplastic 
Fluoroplastic on stainless steel 
Greased leather belt on metal 
Hempen rope, dry, on oak 
Ditto, wet, on oak 
106 ОП 166 .:.5. cum ee 
Iron-bound runners on snow and ice 
Lenther belt, dry, on metal 
Ditto, moist, on metal... . +--+ ees 
Ditto, on oak о. ee ee ee ee nn n 
Metal, dry, on оак.......... 
Ditto, moist, on оакК.......... 
Oak on oak, along grain .......... . 
Ditto, along grain of one surface and across 
grain of other 
Rubber (tyres) on cast iron... ++ 
Ditto on hard soll ........ 
Sliding friction bearing, lubricated . . . 
Steel on cast iron... +e eee et n nn 
Ditto on ice (skates) еее 
Ditto on iron 
Ditto on steel 


A сз 


#- © © © сс сл о © со єл ә © © о 10 к юк 0 


= ё^=лоо=ооооожойхооооо 


Steel (or cast iron) on ferrodo* and Raibest* ig 
Steel-rimmed wheel on steel rail Hon 
.035 


Wooden runners on snow and ice 


Note. An asterisk denotes materials used in braking and 


friotional devices. 
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Table 13 


Intensity of Earth's Gravitational Field 
(Acceleration of Free Fall) 
Tor Different Latitudes at Sea Level 


Latitude mys | Latitude 
0° 9.78030 | 55°45” (Moscow) 9. 
10° 9.78186 | 59°57” (Leningrad) | 9. 
20° 9:786 34 | 60° 9: 
30 9.79321 | 709 9. 
hoe 9:801 66 | 80° 9. 
50° 9.81066 | 90° 9: 


Table 14 
Dynamie Charaeteristies of Solar System 


D, R, р, Я М. 

Body 1012 em 108'em | g/cm3 | m/s2 1027 g 
Bun usen = 696 1.41 |274 — |1 984 000 
Mercury |: 5.79 2.49 | 5:13 | 3.53| 0.312 
Venus ...| 10.8 6.19 | 4.97 | 8.53] 4.9 
Earth, | 14:95 6.378] 5:52 | 9:81| 5.98 
Mars ; ; 22:78 3.42 | 3.94 | 3.73| 0.65 
Jupiter | 77.8 11:4 1.33 | 25.9 |1901.4 
Saturn | 149.6 60.4 0.69 | 11.1 | 568.8 
Uranus 286.8 23.5 1.56 | 10.5 87.7 
Neptune .. | 449.4 22.3 2.27 | 13.83| 103 
Pluto... | | 589:6 E = us 36 
Moon ык] 0:03844 | 1.738| 3.34 | 162] 0.073 

(from Earth) 


—————— 


Note. D—distance from the Sun 
R—mean radius of a planet 
D—density of the substance of a planet 


g—acceleration of free fall at the surface 
M—mass. 
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C. STATICS OF SOLID BODIES 
FUNDAMENTAL CONCEPTS AND LAWS 


Statics deals with the conditions of equilibrium of a body 
or system of bodies. If а number of forces are acting on 
a body at rest, such that the directions of the forces inter- 
sect at a single point, then the body will remain at rest 
when the vector sum of these forces is zero. A force may be 
displaced along its line of action. 

Centre of gravity of a solid body or system of bodies. 
Every particle of a body is subjected to the pull of gravity. 
The point at which the resultant of all the forces of gravity 
acting on the separate points of a body is applied is called 
its centre of gravity. The sum of the moments of the forces 
of gravity acting on all the particles of the body relative 
to its centre of gravity is equal to zero. 

Kinds of equilibrium of bodies. When forces appear 
tending to return a body to its original position after it 
has been slightly displaced from the position of equilibrium, 
such an equilibrium is called stable. 

Generally after the action of small disturbances (displace- 
ments, jolts) on a body in stable equilibrium, it begins 
to oscillate with a small amplitude about the position of 
equilibrium, these oscillations gradually attenuate owing 
to friction (see p. 104) and equilibrium is restored. i 

In a position of stable equilibrium the potential energy 
of а body has its minimum value (upon the action of con- 
servative forces). 

. И upon an infinitely small deviation of a body from a po- 
sition of equilibrium forces appear that tend to increase 
this deviation, such a position is called unstable equilib- 
rium, P 
In neutral equilibrium no forces appear when a body is 
moved from this position, and the new position 1s also one 
of equilibrium. TAG 3 

Conditions of equilibrium of a body on an inclined plane. 
For a body of weight P to be in equi ibrium on an inclined 
plane which forms an angle œ with the horizontal it must 

e subjected to a force F e ual to F, = P sin q; the force F 
must be directed upward along the inclined plane (Fig. 8). 
The body itself presses on the inclined plane with the force 
F, = P cos о while the inclined plane acts on the body with 
ап equal force. A body resting freely on an inclined plane 


3-0525 
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will remain at rest as long as the force pulling it down is 
less than the force of static friction. This condition is satis- 
fied if tan а > К, where k 
is the coefficient of static 
friction. 3 
The lever. A lever is 
in equilibrium if the 
vector sum of the mo- 
ments of all the forces 
applied to it equals zero 

(Fig. 9): 

Ра — Fb = 0 
Fig. 8. Equilibrium of a body on where a and b are the 
ап inclined plane lever arms of the applied 
forces. 

The condition that the moments of all the forces are 


equal also applies to the equilibrium of a windlass (Fig. 10а) 
or a winch, 


— — 


EI 


@ д 


у Fig. 9. Levers: 
(а) fulcrum between forces acting on lever; (b) fulcrum at one end of 
ever 


or in uniform rotation, the sum of all the applied forces 
and the Sum of all the moments are equal to zero. 
ence it follows that 


> P 
P=2F Pie. 
or 5 


The pulley block, А pulley block (Fig. 44а) is a system 
of fixed and movable pulleys combined By a [Re holder. 
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fa) e (c) 


Fig. 10. Schematic diagram of windlass (a), fixed pulley (b), and mov- 
able pulley (c) 


Fig. 11, Pulley block (a) and jackscrew (b) 


s 
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If a pulley block contains n movable and п fixed pulleys, 
then the force F required to counteract the force P equals 


20. 
2n 


F= 


The screw, In the absence of friction the force Р actin 
along the axis of a screw is balanced by the force 7 applie 
to the handle (Fig. 11b): 


where Н is the distance from the axis of rotation to ir 
point of application of the force, and A—the pitch of the 
Screw. 


TABLES AND GRAPHS 
Table 15 


Centres of Gravity of Selected Homogeneous Bodies 
(see Fig. 12) 


e rre EA NE 


Dody Position of centre of gravity 
umor ee 
Thin bar At the centre of the bar 


Cylinder or prism In the middle of the straight line соле 
necting the centres of the bases of th 
cylinder or prism 

Sphere At the centre of the sphere 


Flat dU circular On the axis of symmetry at i its height 


segmen i 
above the base 
Pyramid or cone On the straight line connecting the centre 


of the base and the apex at + the dis- 
tance from the base 
Hemisphere On the axis of symmetry at the radius 


from the centre of the sphere 


Thin solid triangu-| At the point of ient ot the me- 


5! 
lar pla dians 
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y 
E 


Fig. 12. Position of centre of gravity of selected bodies of regular 
geometrical shape 


D. ELEMENTS OF THE THEORY 
OF ELASTICITY 


FUNDAMENTAL CONCEPTS AND LAWS 


Under the action of external forces a solid body under- 
goes a change in shape, or is deformed. If the body resumes 
its original shape hn the forces are removed, the defor- 
mation is called elastic. 

When a body undergoes elastic deformation, internal 
elastic forces arise which tend to restore the body to its 
original shape. The magnitude of these forces is proportion- 
al to the deformation. 

, Deformation by tension and by compression. The increase 
in length (Al) of a specimen produced by an external force 

) is proportional to the magnitude of the force and to 
the original length (1) and is inversely proportional to the 
cross-sectional area (S): 


Al= — (1.50) 


1: А А 
Where т Ба coefficient of proportionality. Formula (1.50) 
expresses Hooke's low. 
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The quantity E is called Young's modulus and character- 
izes the elastic properties of a material. The ratio 


HS 
y=P 


is called the stress. 

The deformation of rods of arbitrary lengths and cross- 
sectional areas is described hy a quantity called the longi- 
tudinal strain, в = Al/l, 

For bodies of arbitrary shapes Hooke’s law is: 


р = Ев (1.51) 


Young's modulus is numerically equal to the stress re- 
quired to double the length of a body. Actually, however, 
a specimen fails at conside- 
rably smaller stresses. Fig- 
ure 13 graphically shows the 
experimentally ‘determined 
relation between p and €: 
where put is the ultimate 
stress—the stress under whic 


2 ғ under which the materia 
i $ а. begins to flow (the deforma- 
"шы, Stress versus longitudi- tion increases without any 


curve I—plastic material; curve increase in the  applie 


II—brittle material. At point О force i elastic 
failure occurs ^ ce), рер is the 


& = —— 


is called the lateral strain. 


Experience shows that El <! 


* It is assumed that the force is applied for a brief time, 


Mechanics 55 


The absolute value of 


is called Poisson's ratio. 

Shear. Shear is a deformation in which all the layers 
of a body parallel to a given plane are displaced relative 
to one another. In shear 
the volume of a body re- 
mains unchanged. The line 
segment AA, (Fig. 14) equal 
to the displacement of one 
plane relative to -another 
is called the absolute shear. 
For small angles of shear 
= — АА, 
the angle © = tang = E Fig. 14. Shear 
characterizes the relative 
deformation and is called the relative ог unit shear. 

Hooke’s law for shear can be written in the form: 


р = Ga (1.52) 


where the coefficient G is called the shear modulus. 
Compressibility of matter. When a body is subjected 
to pressure in all directions, its volume decreases by АЎ; 
as a result elastic forces arise, which tend to restore the 
body to its original volume. The compressibility (В) is de- 


fined as the relative change in the volume of a body Y 


produced by a unit change in the stress (p) acting perpen- 
dicular to its surface. 

The reciprocal of the compressibility is called the bulk 
modulus (of elasticity) (K). 
. The change in the volume of a body AV produced by an 
increase in pressure Ap in all directions can be computed 
by the formula: 


AV = —VBAp (1.53) 


where V is tho original volume. y 

Relation between the constants of elasticity. The Young's 
modulus, Poisson's ratio, bulk modulus and shear modulus 
аге related to one another by the equations: 


CE 


"Guy ^^ 


E 
К=з) 
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which permit us, if we know two characteristics of elas- 

ticity, to calculate the others in a first approximation. | 
The potential energy of clastic deformation is given by | 

the formula: Е, = FAI (1.54) 


where F is the elastic force, and Al—the deformation. k 
The units of the moduli of elasticity are N/m? (SI), dyn/om 
(CGS), kgf/m? [MK(force)S] and kgf/mm?; 
1 kgf/mm? = 9.8 x 108 N/m? = 9.8 x 107 dyn/em? = 
= 105 kgt/ 
TABLES AND GRAPHS Table 16 
Ultimate Stress of Selected Materials (kgf/mm?) 


Ultimate stress 


А 
Material i - 
" in compres: 
in tension sion 


| cu av R———— м ай 
ЕЖ 20 


Aminoplast, laminated . . 
Bakelite (synthetic resin) .. 
Brass, bronze .. 

БИ, ие è 
ast iron, gray, ne-grained ... 
Ditto, gray, ordinary ap hee cane 
e 


Oak (15% moisture Content) across 
grain 


LOST ҮР — 1.5 
Ditto slong grain 22:757 9.5 5 
Phenolic plastic, impregnated өү - 10-26 
Pine (15% moisture content) across x 

NS E RCRUM s gi S TI _ n 
Ditto along grain 22:777 J "J 
Polyacrylate (Organic glas) ... 5 7 
polystyrene сз, у, каз 4 10 
Steel, carbon, for machinery .. | 32-80 — 
pitt, б гайы; a ese еВ 70-80 Lá 
Ditto, si licon-chromium-manganese 155 Sd 

»Btructural. , , , |. 22 Y 38-42 
Textolite IITK dI TIS. 10 


Vinyl plastic 
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Table 17 
Moduli of Elasticity and Poisson's Ratios 
Young's Shear 
Material modulus E, | modulus G, Polsson's 
107 N/m? 107 N/m? ration 
Aluminium ....| 6300-7000 | 2500-2 600 0.32-0.36 
Aluminium bronze, 
casting ...... 10 300 4100 0.25* 
Bismuth ...... 3 200 1200* 0.33* 
Brass,  cold-drawn| 8 900-9 700 | 3 400-3 600 | 0.32-0.42 
Ditto, rolied for 
shipbuilding ... 9 800 3 600* 0.36 
Cadmium...... 5 000 1 900% 0.3 
Cast iron, white, 
gray a Ew OO 11 300-11 600 4 400 0.23-0.27 
Celluloid ...... 170-190 65* 0.39 
Concrete ...... 1 500-4 000 700-1 700 0.1-0.15 
Constantan . . . . . 16 000 6 100 0.33 
Copper, canting $35 8200 — = 
Ditto, cold-drawn 12 700 4 800 0.33* 
Ditto, rolled ... 10 800 3 900 0.31-0.34 
Duralumin, rolled 7 000 2600 0.31* 
Glass ее 4900-7 800 | 1750-2 900 0.2-0.3 
Granite, marble 3 500-5 000 | 1 400-4 400 0.1-0.15 
ШИР Mr 13 500 5 500 0.25* 
Limestone, dense 3500 1500 0.2 
Manganin . * 12300 4 600 0.33 
Nickel . +x sewe 20 400 7 900 0.28* 
Phosphor bronze, 
rolled... es . 11300 4 100 0.32-0.35 
525 148 0.35* 
300 3 100 0.17 
‚19 0.27 0.46 
-0.5 0.05-0.15 0.46-0.49 
270 3 030 0.37% 
600 8 000 0.25-0.30 
-20 500 8000 0.24-0.28 
000 = = 
600 4 400 0.32* 
000 — — 
200 3100 0.27 


—————— 
* Calculated values 
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Table 18 
Compressibility of Selected Liquids at Different Temperatures 


Compress 
Tempera- Pressure ili 
Substance ture, *C range, atm Bx AE atm-i 
Acetic acid ...... 25 | 92.5 | 84.4 
14.2 9-36 111 
0 100-500 82 
AGELONG au suy 0 500-1000 59 
0 1000-1500 АТ 
0 1500-2000 ^0 
16 8-37 90 
OLPC KET 20 99-296 78.7 
20 296-494 67.5 
ЕДА | 14.8 1-10 | 47.2 
20 1-50 112 
20 50-100 102 
20 100-200 95 
"ur a 20 200-300 86 
20 300-400 80 
100 900-1000 73 
Glycerine ....... | 22.1 
61.91 
Кегозепе....,.., : х 
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5: 


Ultimate stre: 
© 
S 
. Z 


0—90 010 WO 80 MUI 


Fig. 15. Temperature dependence of ultimate stress: 
curve 1—tungsten; 2—nickel steel; 3—cobalt steel; 4—steel N-155; 
5—Mo 0.5 Ti; 6—Ti 36 Al 


E. MECHANICS OF LIQUIDS 
AND GASES 


FUNDAMENTAL CONCEPTS AND LAWS 


Liquids and gases, as distinct from solids, offer no resist- 
ance to a change in shape which does not entail a change 
in volume. To change the volume of a liquid or reduce the 
volume of a gas one must apply external forces. This prop- 
erty of fluids is called bulk elasticity. 1 е 

Pressure (р) is the perpendicular force acting оп a unit 
surface. 

The units of pressure are N/m? (SI), dyn/cm? (CGS), nor- 
mal atmosphere (atm), and technical atmosphere (at); 


1 N/m? = 10 dyn/cm? 
4atm = 1.013 х 105 N/m? 
iat = 9.806 65 x 10% N/m? 


1. Statics 


External pressure applied to a gas or liquid is transmitted 
equally in all directions (Pascal's law). n 

A column of liquid or gas in a uniform gravitational field 
exerts a pressure caused by the weight of the column, If the 
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liquid or gas is assumed to be incompressible, then the 


ressure 
P pipes ‚ (1.55) 


where p is the density of the liquid or gas, g—the accel- 
eration of gravity, and h—the height of the column. 
The magnitude of the pressure is independent of the 
shape of the column and depends only on its height. - 
The heights of columns of liquids in communicating 
vessels are inversely proportional to their densities: 


Ži = Da. (4.56) 


A body immersed in a fluid is buoyed up by a force 
equal! to the weight of the fluid displaced (Archimedes 
principle), 


2. Dynamics 


When a fluid is in motion with a velocity much smaller 
than the velocity of sound in that fluid, it may be regarded 
as incompressible. The motion of fluids gives rise to forces 
of friction. If these forces are small, they may be ignored, 
and the liquid or gas is called an ideal fluid. Otherwise we 
have to do with a viscous fluid, 

Motion of an ideal fluid. A liquid or gas is’ gaid to flow 
at a steady rate when the velocity and the pressure remain 
constant at each point in the stream. 


In this case an equal volume of fluid flows through any 
cross section of a pipe: 
бір = Sva (1.57) 


where S, and S are the areas of two different cross sections 


of the pipe, and v, and v,—the velocities! of the fluid in 
these cross sections. У 


When the cross-sectional area of the pipe changes, both 
the velocity and the pressure of the fluid change in зис 
а manner that in any cross Section (for steady ílow of an 
ideal fluid) the following condition is satisfied: 


2 
P+ pgh T5 = const 
or 


H 2 
Раев +O — ps p phy + oot 
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where p is the pressure, p—the density of the fluid, #— 
the height of the given cross section of the pipe above a given 
level, and v—the velocity of the fluid in the given section 
of the pipe (Fig. 16а). 


(a) (b) 


Fig. 16. (a) Illustration to formula (1.58); (b) outflow of liquid from 
a small orifice 


Equation (1.58) is called Bernoulli's equation. From this 
equation follows Torricelli's theorem: 


vt = 2gH (4.59) 


where v is the velocity of the liquid particles flowing out 
from a small orifice in the vessel, and A—the height of the 
surface of the liquid above the orifice (Fig. 16b). 
Motion of a viscous fluid. When a solid (c.g. а sphere) 
moves through a fluid, the adjacent layer of fluid a heres 
to the surfaco of the solid and moves with it, while the 
remaining layers of fluid slide over one another. The force 
acting on a solid moving in a viscous medium (fluid) is 
opposite in direction to the velocity of the body and is 
called the resistance of the medium. IÈ no eddies are formed 
in the wake of the moving body, then the resistance of the 
medium is proportional to the velocity v of the body. In the 
particular case of a sphere of radius R the resistance of the 
medium is 
F = блїНө (1.60) 


Where 1 is the coefficient of internal friction (see p. 13) or the 
viscosity. 
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The units of the Coefficient of internal friction are kg/m-s 
(SI) and g/cm.s — poise (CGS); 


1 kg/m-s = 10 g/cm.s 


Formula (1.60) is called Stokes’ formula, —— 
hen a small Sphere falls through a viscous [fluid its 
velocity of uniform (steady) motion is determined by the 
formula 


=g Pbr 282 1.61) 
c E a ( 


Where p is the density of the Sphere, R—its radius, pg— 
the density of the fluid, n—its viscosity, and g—the accel- 
eration of free fall, 

The volume of fluid which flows in unit time through 
a capillary tube of radius R and length Z when the pressure 
difference at the ends of the tube is Р1—Ро equals 


1 4 
Vo ae (pi — py) (1.62) 


The viscosity of fluids depends markedly on the temper- 
ature, 


TABLES 


Table 19 
Viscosity of Selected Liquids (at 18 °C) 


10-2 Талп: 


Acetic acid 
Acetone 


Ethyl alcohol , , 
Aniline , ; 


Ethyl ether 
lycerine , 

Machine oj 
hea 


w 
Фоо 


с 


№ 
coooco-S5 


N 


0. 
0. 
0.4 
0. 
0. 
0. 
0.0 
0. 
4.0 
0. 
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| Table 20 
Viscosity of Selected Gases (at 0 °C) 


T. 
Gas 10-5 8 


Air (without con >28 Hydrogen 
Ammonia .... у Methane 
Carbon dioxide . . . Nitric oxide 
Carbon monoxido А Nitrogen 
Chlorine . . . Nitrous oxide 
Helium...... .8 Oxygen 


Table 21 


Viscosity of Selected Gases at High Pressures 
(т, 1079 kg/m-s) 


Pressure, atm 


50 | 100 | 600 | 900 


Carbon dioxide 
Ethylene 
Nitrogen 


Table 22 
Viscosity of Water at Different Temperatures 


et 


1, 10-6 kg/m-s | ШЕ mS 551 
0 


2800 
DI 


1. 1078 ke/m-s ls 0 ШЫ 284 


| +5 | 20 | 25 | 20 | o | so 


t, °C 


|: 90 


100 m [Ё E ZZ 


256 [г - ЦЕ 


64 Handbook of Elementary Physics 


Table 2 3 


Viscosity of Selected Liquids at Different Temperatures 
(m, 10-2 kg/m.s) 


t, °C 

10 20 30 50 70 100 
Liquid 

Acetone ..| 0.0358| 0.0324| 0.0295| 0.0254] — = 
Aniline. . .| 0.653 | 0.439 | 0.318 | 0.191 | 0.129 | 0.076 
Benzene ..| 0.076 | 0.065 | 0.056 | 0.0436|0:035| — 
Castor oil |244 98.7 45.5 12.9 4.9 = 

"Transformer 
Oil ees] 4:0 1.98 | 1.34 | 0.64 |0.38 |0.213 
Table 24 


Viscosity of Air under Different Conditions 
(n; 1079 kg/m.s) 
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Table 25 
Viscosity of Selected Metals in the Liquid State 
т. 3 
Metal | t ес | 10-3 алас | Metal | °С | 10-2 Kg/m-s 
Alumi- 700 90 
inm tà 400 0.83 
| S00 1/40 Mercury | 500 0.17 
600 0,74 
| 304 1.05 
Bismuth 454 1.28 | 100 0.46 
600 0.99 Potassi- | 200 0.34 
um 500 0.185 
700 0.14 
441 2.11 Se) С 
Lead 551 1.69 
B44 1.18 103.7 0.69 
Sodium | 400 0.25 
Em Г E 700 0.18 
NEM go ee 
BI its 
Mercury 100 tbe 240 1.94 
200 1:03 Tin 100 1.95 
300 0.90 600 1.0 


5-0525 


CHAPTER II 


HEAT 


AND MOLECULAR 


PHYSICS 


FUNDAMENTAL CONCEPTS AND LAWS 


A system of bodies which do not interact at all with 
surrounding bodies is called an isolated system. ith 

An isolated system (for example, a gas in a vessel S 
non-conducting walls) in the long run passes into a E 
which no longer changes. This state is called thermal equ 
librium. The scalar quantity determining the presence 0 
thermal equilibrium between bodies that exchange pues 
by heat transfer is known as temperature, A change in the 
temperature of a body entails a change in almost all its 
рорегйез аі, density, elasticity, electrical conduc 
lvity, etc.). -— 

The temperature of a body characterizes the kinetic 
energy of thermal motion of its molecules or atoms (se? 
p 


magnitude, being designated K (thermodynamic) and 
(practical), respectively. 

In the thermodynamic scale, where the value of 273.16 K 
(exactly) is established for the temperature of the triple 
point of water, the ice melting point at standard pressure 
1з 0.01 K below the triple point. The oint that is 273.15 К 
below the melting point of ice at standard pressure is calle 
absolute zero. This point is the beginning of counting tem- 
perature according to the Kelvin scale. 
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The zero point of the Celsius scale is the point at which 
water is in eguilibriim with ice; the point 100°C on the 
scale is the boiling point of water at standard pressure. 

Other standard points of the practical temperature scale 
are the boiling points of oxygen (—182.970 °C) and sulphur 
(444.60 °С), and the melting points of silver (960.8 °С) and 
gold (1063.0 °С) at standard pressure. 


1. Fundamentals of Thermodynamics. 
Specific Heat 


By the internal energy of a body (system) is meant the 
sum of the kinetic energy of chaotic motion of the molecules, 
the potential energy of their interaction and the intramo- 
lecular energy. 

Energy can be transferred from one body to another in 
two ways: the first is by mechanical interaction when work 
is performed by mechanical or electromagnetic forces (see 
Chap. IV); the second is by thermal interaction when energy 
18 transferred by the chaotic motion of the molecules at 
the expense of heat conductivity (see p. 72) or thermal 
radiation (see p. 212). The quantity of ener, y transferred 
in the thermal interaction of bodies is called the quantity 
of heat (or simply the heat). 

In the SI system heat is measured in joules. It may be 
Авазга їп special non-system units called calories, how- 

ег; 

1 cal = 4.1868 J 


The quantity of heat required to raise the temperature 
of a body of unit mass from t to t = t, + At is denoted 
by AQ. The mean specific heat in the given temperature 


к , „д А 
interval (t — 2) is the ratio 50. The limit of this ratio 


s AQ 
¢tr=lim =X 
ШҮ; 
They, definition, the true specific heat at the temperature to. 
in rue Specific heat depends on the temperature. However, 
ad ret cases this dependence is disregarded and it is as- 
eas that the true specific heat (or, simply, the specific 
) can be defined as the quantity of heat required to 


5* 
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raise the temperature of a body of unit mass from #°С to 
t+ 1) °С at any temperature ft. 

( The quantity of heat AQ absorbed by a body of mass m 
when its temperature is increased by At equals 


AQ = cmAt (2.1) 


where c is the specific heat. "- 
The specific Ке of a body depends on the conditions 

under which it is heated. 1f the body is heated at constant 

pressure, then c, is the specific heat at constant рена 

If the volume of th body does not change upon 

then cy is the Specific heat at constant volume, In all cases 


Ср > су. The specific heats ср and cy for a substance in 
the solid state differ very little, 


AQ + AA = AU 


The change in AU is determined by the final and initial 
states an 


does not depend on the heating process; AQ 

and AA do depend on the transition process. 
eat cannot ppontaneously Pass from a colder body to 
a hotter one without any other changes in the system (the 


second law о 
The specific heat of a bod 


Y when its temperature ap- 
proaches absolute zero tends to zero (the third law of thermo- 
dynamics). 


2. Phase Transitions 


‚Ву a phase is Ineant a complex of 


s , having 
identical Properties. For Mt ees 


eat required to melt a body, i.e. to 
tho dor it from the solid to the liquid state, is given by 


Q — Am (2.2) 
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where m is the mass of the melted body, and A—the heat 
of fusion. 

The heat of fusion is the quantity of heat required to con- 
vert a unit mass of a solid at the melting point into a liquid 
at the same temperature. When a liquid crystallizes (solid- 
ifies or freezes), heat is evolved. 

The heat of fusion is equal to the heat of crystallization.* 

When a substance melts, its volume increases except 
for water, gallium, antimony, cast iron, and bismuth, 
whose volume decreases). 

For a given pressure there exists for every substance 
a definite temperature, called the melting point, at which 
the substance passes from the solid to the liquid state. 
Throughout this transition the temperature remains con- 
stant. 

The melting point depends on the pressure. A curve 
showing how the melting point depends on tho pressure is 
called a melting curve. The coefficient of the change in 
the melting point of water with pressure equals approxi- 
mately —7.5 x 10-3 K/atm. T 

The transition of a liquid to the gaseous state is called 
evaporation or vaporization; the reverse transition is called 
condensation, The vaporization of solids is called sublimation. 
The molecules having the highest velocity in vaporization 
escape through the free surface of a body, which cools as 
à result of this process. 

Vaporization which takes place not only on the surface, 

ut within the liquid as well, is called boiling. A liquid 
oils at a definite (for a given external pressure) tempera- 
ture, This temperature is called the boiling point. It remains 
constant, throughout. the process of boiling. The coefficient 
of the change in the boiling point of water with pressure 


equals approximately —L. K/mm Hg. 


26.12 
The quantity of heat which must be imparted to a body 
i5 convert it into a vapour, i.e. the tota? heat of vaporiza- 
ton, is 
Q=rm (2.3) 
—_—_—— 


* Everything said about temperature and heat of fusion refers 
n crystalline and polycrystalline bodies. A crystalline body is one 
позе properties are different in different directions. A body compos 
Of numerous chaotically oriented small crystals is called polycrystalline, 
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where m is the mass of the evaporated substance, and r— 
the specific heat of vaporization, equal to the heat needed 
for the vaporization of a unit mass. 
When a vapour condenses, heat is liberated; the heat 
of vaporization equals the heat of condensation. 
he vaporization of a liquid from an open vessel can 
proceed until all of the liquid is converted into vapour. 
In a closed vessel e proceeds until a gie ux 
equilibrium between the m 
Pe OES, of the liquid and that of the 
vapour is reached. At this stage 
vaporization and condensation 
compensate each other. Sack 
a state of equilibrium is calle 
dynamic. A vapour which is in 
dynamic equilibrium with its 
liquid is called a saturated 
vapour. 
70 4 Boiling occurs at the tem- 
10/ 4 perature at which the pressure 0 
Fig. 17. Curves of vaporiza- {ће saturated vapour is equa 
slit шы iva Wythe extemal pressure yp 
i е pressure an ens 
point (Tr) of water a те йн vapour їпогеазо, 
А while the density of a liquit 
decreases with increasing temperature. The curve showing 
the temperature dependence 


458 


vaporization, and sublimation curves 
equilibrium of two phases — 
d gaseous, solid and ш 
all three curves is called t 


tter determines the condition? 
pressure, temperature, and density) of the simultaneou 
equilibrium of three phases. 


e curve Showing the equilibrium of a liquid and ils 


e specific heat of vaporization depends on the tempera- 
ture, As the temperature increases, the specific heat 0 
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vaporization decreases, and at the critical temperature it 
becomes zero. The heat of vaporization r is expended on 
the work performed by the molecules in escaping through 


the surface layer oi the 
liquid (internal heat of va- 
Porization p), and the work 
Of expansion upon passing 
from the liquid to the gaseous 
State (external heat of vapor- 
ization зр). Figure 18 shows 
the dependence of r,p, and p 


on the temperature 2 for 
water, 


3. Thermal Expansion of 
Solids and Liquids 


A change in the temper- 


ature of solids and liquids 
is accompanied by a change 
In their linear dimensions and 
volume. The len 


8 


t» 


Heat of vaporization, 05 J/kg 
© 


Ü 100 20 300 374 
Temperature, Т 


Fig. 18. Temperature dependence 

of external (Ф), internal (р), and 

total (т) heats of vaporization 
for water 


gth of a solid body at a temperature t °С (14) 


is determined by its length at 0 °С (Ij), the temperature (t), 
and the coefficient of linear expansion (a): 


„= l (1+ at) 


icient of linear expansion is the mean (for the 
ure interval from 0 °С to ¢ °C) 


Ody for one degree rise in temperature: 


The сое; 
temperat 
ab 


(2.4) 


increase in unit length 


ge dme) 


t 


lo 


Similarly, for the volume of a body 


“Зав В is the coeffic 
t Ө coefficient 
fon Perature і 

tor one q 


ve = vo (1+ Bt) 


(2.5) 


ient of volume expansion. 
of volume ezpansion is the 
nterval) increase in 
gree rise in temperature: 


ij mean (for a given 
unit volume of a body 


pat "ve 


t 


vo 
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For an isotropic solid (a body whose properties are the 
same in each direction) В = Эш. " 

The coefficients of volume and linear expansion are 
expressed in К-1. 

The following formulas are more exact: 

А1 = l (at + bt?) and li = lo (1+ at + bt?) (2.6) 
where a and b are coefficients determined experimentally 
for each substance. В 

Thus, the coefficient of linear expansion varies with the 
temperature range in which the body is heated. 

For example, for iron J, = l (1 + 117 х 107 t+ 
+ 4.7 X 10-922), and the coefficient of linear expansion 
of iron upon heating from 0 to 75 °C equals 1.21 x 10-5 К-!, 
while for the temperature range 0-750 °C it equals 1.52 X 
X 10-5 кл, { 

When а body is heated, its density changes. The density 
of a body at a temperature # is given by the formula 


=. 2.7) 
[7] TFB ( 


where ро is the density of the body at 0 °С, and B—the co- 
efficient of volume expansion. 


4. Transfer Phenomena 


Heat can be transmitted by convection, conduction, and 
radiation (see thermal radiation, р. 242). 


Conduction. Conduction is the transfer of heat brought 


stance of thickness AZ and cross-sectional area 5 having 
a temperature difference AT on its planes in the time £ 


9-14 se (2.8) 


where À is the thermal conductivity. 


The thermal conductivity is the i ferred 
i it ti quantity of heat transferre 
in unit time through a layer of unit йн and unit 
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cross-sectional area when the temperature difference be- 
tween the two surfaces of the layer is one Kelvin. 

Diffusion. Difusion denotes the process of levelling out 
concentrations due to the transfer of a substance by means 
of molecular motion. The mass of a substance M transferred 
through a layer of thickness А? and cross-sectional arca S 
having à difference in concentrations AC on its planes in 
the time ¢ will be 


AC 
=й Be 2.9 
МЕР $t (2.9) 


Where D is the diffusion coefficient. 

The diffusion coefficient is a quantity measured by the 
mass of a diffusing substance transferred through a layer 
of unit thickness at a difference between the concentrations 
on its planes of one unit. 

The iis of the diffusion coefficient are m?/s (SI) and 
cm?/s (CGS); 

1 m?/s = 10* cm?/s 


The units of the thermal conductivity are W/m-K (SI) 
and cal/em.s.K, kcal/m -h -K; 


1 W/m-K = 2.39 x 10-3 cal/em-s-K —0.86 kcal/m-h- К 


Internal friction (viscosity). Upon the relative parallel 
displacement of layers of a liquid or gas, forces of friction 
Appear in it that retard the motion of the layers travelling 
ata higher velocity and accelerate the layers having a lower 
velocity, The cause of viscosity is the transfer of the momen- 
tum (impulse) of the orderly motion by molecules that pass 
rom one layer to another. ves 

The magnitude of the force of internal friction is 


P= A 5 (2.10) 


Where л is the ratio of the difference between the veloci- 


ties of the layers to the distance between them, and S— 


the area of contact of the layers. | е 
forces, 20е 7ісіепі of internal friction 1 is measured by the 
Orce of friction appearing between two layers having a unit 


агеа with the ratio T equal to unity. 
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The units of viscosity are the poise—g/s-cm (CGS) and 
kg/s-m (SI). 

Е (2.8)-(2.10) hold provided that the [ig 
of the free path of the liquid or gas molecules (see p. 7 
is less than the dimensions of the confining vessel. 


5. Surface Tension of Liquids 


The molecules in the surface of a liquid experience Fores 
of attraction due to the remaining molecules, which ten 
to pull them into the liquid. 2 

The surface layer of molecules is in a state resembling 
that of an elastic film under tension which tends to contrac ; 
Every section of the surface layer experiences the pull о 
all the surrounding sections which keep it in a state р, 
tension. These forces are directed along the surface laye 
and are called forces of surface tension. 

The force of surface tension is given by the formula 

Р = о (2.11) 
where Z is the perimeter of the surface layer of liquid, and 
a—the coefficient of surface tension. e 

The coefficient of surface tension (or, simply, the surfac 

tension) is a quantity numerically equal to the force acting 


on unit length of а rectilinear boundary of the surface layer 
of a liquid. 


The units of surface tension are N/m (SI) and dyn/cm 
(CGS); 


я 1 N/m = 10? dyn/cm 


The surface tension decreas: 


ages " e 
1 es with increasing temperatur! 
and vanishes at the critica 


l temperature. 


6. Gas Laws 


he behaviour of 


т i most substances in the gaseous state 
under ordinary cond 


itions is described by the equation 
m 12) 
pu=— RT (2. 
u 


This equation is called t 


he equation of state of an ideal ga$: 
or the Clapeyron-Mende 


leev equation, Here p is the pres 
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Sure of the gas, v—the volume occupied by m kilograms 
(grammes) of the gas, н—а kilomole (gramme-mole), Л— 
the molar gas constant, and T—the temperature according 
to the thermodynamic scale (in kelvins). 

A kilomole (gramme-mole) is the number of kilograms 
eae) of a substance numerically equal to its molecular 
weight. 

The number of molecules in one mole is the same for 
all substances and is called Avogadro's constant Na: 


Na=6.02 x 1026 kg-mol-4 == 6.02 х 1023 g-mol-1 


The Clapeyron-Mendeleev equation is valid (in the first 
approximation) for all substances in the gaseous state if 
their density is less than that of their saturated vapour 
at the same temperatures. , 

From equation (2.12) we deduce Gay-Lussac's law, 
Charles’ law, and Boyle's law. For constant p and m (since 

= const and p is constant for the given substance) 


1 
Uem 


where v; and 7, are the volume and temperature of the gas 
at 0 °С. Whence follows Gay-Lussac's law (the equation of 
ап isobaric process): 


ps (tous 2 (2.13) 


Where ¢ is the temperature in °C. > 
or constant v and m we obtain Charles’ law (the equation 


ol an isochoric process): 


1 2.44 

P=Po (1++уз t) (944) 

1 Гог constant T and т (isothermal process) we obtain Boyle's 
iss (2.15) 


ри = PW: 
Тһе quantity а = 57315 К-1 is called the coefficient 
273. 
of volume expansion, or the coefficient of pressure change 
ol an ideal gas. For real gases at pressures close to аш 
sPheric or greater, the respective coefficients differ somewhat 
Tom this value, 
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The density of a gas p may be computed from equation 
(2.12) if the pressure p, the temperature T, and the molec- 
ular weight of the gas are known: 


LLLI Шр (2.16) 


When a gas expands isothermally (at constant tempera- 
ture), it performs work against the external pressure. This 
work is performed mainly at the expense of the heat ab- 
sorbed from the surroundings. The temperature of the gas 
and the surroundings remains constant. When the gas 15 
compressed, it releases heat which goes off into the surround- 
ings. 

When the volume of a given mass of gas changes without 
heat entering or leaving the system (adiabatic process), the 
relation between the pressure and the volume is expressed 
by the equation of an adiabat: 


pv* — const (2.17) 
where y = 2. 


о 

If the density of a gas becomes compatible with that 
of a saturating vapour at a given temperature, considerable 
deviations from the equation of state of an ideal gas are 
Observed. In this case account must be taken of the force 
of interaction between the gas molecules and tho volume 
they occupy. This results in an equation for a real gas. The 
most widespread ‘use has been found by the van der Waals 


equation: 
[p+ (к) =] (= 5) =" mr (248) 


where v is the volume Occupied by m kilograms (grammes) 
of a gas, ii —kg-mol (g-mol), a and vat dur Waals con- 


stants, which can be determined according to the critical 
parameters for one mole of t 


Sure per, and temperature Т 


a= pop, b=4 Was R&S & Porter (2.19) 
cr 


Van der Waals isotherms are Shown in Fig. 19. At tem- 
peratures below Тер the isotherms haye an аһара bendi 
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at these temperatures three values of the volume correspond 
to one value of the pressure (for example, the volumes 1, 
оз, and оз correspond to the pressure ру). At temperatures 
Ter and above it the isotherms have no S-shaped bend. 


Fig. 19. Van der Waals isotherms, " 
The relative values of the volume ( —— апа the pressure (а are laid 
к c. 


cr МЫ 
Off along the axes of abscissas and ordinates, respectively; the figures 


at the curves show the temperature in relative units Ta 


The tem i iti ture (see also 
erature Ter is the critical temperatu: 
P. 70); the values of the ressure pcr ànd volume ver coi 
responding to it are called the critical pressure and the 
critical volume, The state of a substance which Ter, Per; 
Yer correspond to is its critical state. | 
n the section of the S-shaped bends the isotherms are 
actually horizontal, i.e. parallel to the axis of abscissas 
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i ints А 
for the pressure the isotherm passes through points 0 
б апі ср These ions correspond to equilibrium Вер БЕ 
the liquid and the gas. А gas (or vapour) in a state о et 
librium with its liquid is a saturated vapour (see p. 7 ii 
Under certain conditions an isotherm may pass along ed 
tions AL (superheated liquid) and CD (supersatura 
vapour), but these states are not stable. иш 
To liquefy gases by increasing their pressure they 1 d 
be cooled to below the critical temperature. The tempe 
ture of a liquefied gas is determined by the pressure № Bed 
it is under. Table 35 gives the boiling points of Hune 
Bases. The boiling pone can be lowered by lowering d) 
pressure (for example, by exhausting the vapour [опер 
In some cases the van der Waals equation also descri 
the liquid state of a substance, 


7. Fundamentals of the Kinetic Theory of Gases 


From the molecular point of view a gas consists of a es 
number of freely moving particles (molecules or atone 
These particles are in constant motion with different velo 
ities which change when the Particles collide. 16 
e mean free path is the average path which a molni 
travels between successive collisions with other molecules. 
The mean free path in a gas is given by the formula 


[eo (2.20) 
» V 2202p 
Ww. is the Boltzmann constant, o—the diameter 


of a molecule, T—tho absolute tem 
Na—the Avogadro 
molar gas constant, 
A law that describes the distribution of molecules by 
velocities is called a distribution function, The distribution 
function of the molecules of an ideal gas (the Mazwe 
distribution) is given in Fig. 20. The relative number 


molecules = having velocities from v to v+ Av is laid 


off along the axis of ordinates, and the values of the veloci- 
ties are laid off along the other axis. The velocity corres- 
ponding to the maximum of the curve in Fig. 20 is calle 
the most probable velocity vpr. 


where k = 


perature (Kelvin scale), 
constant, p—the pressure, and R—t 
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The average velocity of the molecules is defined by the 
relation 
atta ttn (2.21) 
Where v, vs, ..., vy are the velocities of molecules; the 
absolute values of the velocities are taken. 


Uay 


> 
N 


> 


Fraction of molecules with veloci- 
ties Егот 1 fov +10 m/s, Z 
> 
а 


56 8x10 


3 
Velocity of molecules, m/s 


Fig. 20. Distribution of hydrogen molecules by velocities for different 
temperatures 


The root mean square velocity of the molecules is given 
Y the formula 


юе 


(2.22) 


Usq = 
The following expressions for calculating the velocity 
are obtained from the Maxwell distribution: 


8kT 3kT 
"E а A, ya 028 


Where m is the mass of one molecule; here vsq > Vav > Vpr; 
e pressure of a gas is due to the impact of individual 

Molecules on the walls of the container. It is equal to 

(2.24) 


p= 3 nma —nkT 


where n is the number of molecules in unit volume. 
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The partial pressure of a component gas of a mir 
is the pressure which the gas would exert if it alone occupie 
the given volume at the same temperature, ich d 

The total pressure of a mixture of ideal gases which И 
not enter into a chemical reaction is equal to the sum oi 
the partial pressures of the component gases (Dalton's M 

P=Pit Pet... + р, (2.28) 


The average kinetic energy of one molecule of an ideal 
gas depends only on the temperature: 


B= i ik? (2.20) 


where i — 3 for monoatomic, i = 5 for diatomic, and i = 6 


№ 
lor polyatomic gases, The kinetic energy of one mole of 
an ideal gas 


B, RT (2.27) 


from planet's surface, If 
of the atmosphere is ind 


.OHgh 
P=poe RT р 
Je average molecular weight of the mixture of 
Osphere, g—the acceleration " 
of the planet, R—the molar ga 


» T—the absolute temperature, py—the pressure 
of the atmosphere at the surface of the PE and e—the 


7 2.72). Equation (2.28) is 


ТЕ 
where № is the altitude in metres, 


п many countries, including the USSR, scientific data 
are often corrected for а standard atmospheric pressum 
Which is taken *qual to the pressure at sea level at 1 
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when the mercury barometer registers 760 mm and the 
temperature falls by 6.5 K with every 1000 m increase in 
altitude. 

Table 54 gives the relation between the altitude, pres- 
Sure, density, and temperature of a standard atmosphere. 

The air about us always contains a certain amount of 
water vapour. The mass of water vapour contained in 1 cu- 
bic metre of air is called the absolute humidity. The abso- 
lute humidity can be measured by the partial pressure of 
the water vapour. 

As the absolute humidity increases, the water vapour 
approaches the state of saturation. The mazimum absolute 
humidity* at a given temperature is the mass of saturated 
Water vapour contained in 1 cubic metre of air. bid 

The relative humidity is the ratio of the absolute humidity 
to the maximum absolute humidity at a given tempera- 
ture, expressed in per cent. | | : 

.The thermal conductivity, coefficient of internal fric- 
tion (viscosity), and the diffusion coefficient for a gas (A, 1, 
and D) are calculated by the formulas 


= + рейн (2.29) 

"= E me (2.30) 
1 

р= vayl (2.31) 


Where p is the density of the gas, vay—the average velocity: 
of the р bars era d Ms Apto heat at constant vo- 
ume, and J—the mean free path. А и 
If the mean free path is greater than the dimensions 
of the vessel or container, internal friction is absent, and 
e coefficient of friction against the walls of the vessel 
uring motion of the gas is 


= Play (2.32) 
The thermal conductivity in this case is 
— (2.33) 


—— 


set ‚„* Under certain conditions supersaturation of the vapour can 
їп. 


6-05 


82 Handbook of Elementary Physics 


TABLES AND GRAPHS 
Table 26 
Specific Heat Capacity, Heat of Fusion, 
Heat of Vaporization, Melting 
and Boiling Points for Selected Substances 


ср» t 1 
p з № b ry 
Substance 103 J/kg-K an зу E 03J/k 
at 20°C С 103 J/kg| с 10*J/kg| 
Acetone 2.18 —94.3 96 56.2 524 
Aluminium 0.88 658.7 322-394 |2300 9220 
Benzene .... 1.705 5.5 127 80.2 396 
Bismuth 0.13 271.3 50 1560 855 
BEBSBS es iene э» 0.38 900 = = x 
Carbon disul- 
phide 1.006 |—112 66.6 46.2 348 
Cast iror 0.50 1100-1200| 96-138 — — 71 
Copper..... 0.39 1083 214 2360 5410 
Ethyl alcohol 2.43 |—114 105 78.3 846 
Ethyl ether 2.35 |—116.3 113 34.6 351 
Fluoroplastic-4 |0.92-1.05 
Germanium 0.31 958 478 2700 — 
Glycerine 2.4 — 176 290 825 
ОШ са 0.13 1063 66.6 |2800 1575 
Ice (water)... 4.19 0 334 100 2260 
ТОЙ xs cs is 0.45 1530 293 3050 6300 
Lead. рен 0.13 321.3 22.5 (1750 880 
Lithium .... 4.40 186 628 1317 20500 
Magnesium . . . 1.3 651 373 1103 5450 
Mercury .... 0.138 | —38.9 11.73 | 356.7 285 
Naphthalene , . 1.3 80.3 151 218 316 
Nickel ..... 0.46 1452 243-306 |3000 1210 
Potassium . 0.763 64 60.8 760 2080 | 
Silver . 0.235 960.8 88 2160 2350 
Sodium 1.3 98 113 883 4220 
Steel ...... 0.46 1300-1400| 205 — = 
аиа 0.23 231.9 59 2270 3020 
Toluene 1.73 | —95.1 72.1 | 110.7 365 
оой: 
oak, 6-5% 
moisture con- 
tent by weight 2.4 
ine, 8% mois- 
ure content 
by weight . . 1.1 — — — = 
Wood's alloy 0.17 65.5 35 = = 
Note. ср—вресїйє heat capacity 
A—heat of fusion 
r—heat of vaporization 
im and t)—melting and boiling points. 
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Table 27 
Relative Change in Volume of a Substance upon Melting | 


ES м 
Substance > Substance EX 
% % 
Aluminium .... 6.6 Ice (water) ....| —8.3 
Aluminium alloys | 4.5-5.9 | Indium ...... 2.5 
Antimony ..... —0.94 Lead... sees 3.6 
Bismuth ...... —3.32 Lithium ...... 1.5 
Cadmium.....- 4.74 Magnesium . . 4.2 
Carbon steel. . . 4.5-6.0 || Мегсигу...... 3.6 
Cesium ... . 2.6 Potassium . .... 2.41 
Copper alloys a 3.0-4.5 БИТЕР срам 4.99 
Gallium . . —3 Sodium ..... . 2.5 
old .. 5.19 T os m; te 2.6 
Gray iron 2.4-3.6 ZING ee aem а 6.9 
Table 28 
Melting Point of Refractory Materials 
Material t, °C Material 
Tantalum and zirco- Tantalum . . . . 
nium carbides . .|3500-3900| Niobium .. . . . - 
Tungsten 2... 3416 Zirconium . . . 


Zirconium and haf- Titanium ..... 
nium borides . . . 3000-3200 


4160 5 700 

tt 

Fig. 21. Specific heat capacity of water at different temperatures 
6* 
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Table 29 
Specific Heat Capacity of Solids at Low Temperatures 
(/kg-K) 
Temperature, К 
Substance 20 77 90 
(He 50 (Ne (Ог | 100] 150 | 200 | 298 
hoils) boils) | boils) 


Aluminium 10.3 | 144 349 426 [485 | 686 |800 | 900 
Copper ... 7.9 9.8| 202 237 |260 | 331 | 368 | 396 
Fluoroplas- 

tic-4 ...]| 77.6 | 210 316 364 |399 | 553 | 695 |1120 
Iron .. 4.6 54 147 189 |221 | 332 | 393 | 447 
Nickel ... 5.0 68.6| 168 209 |238 | 336 | 392 | 445 
Quartz, fused| 25.7 115 201 244 |274|420]|540| 740 
Steel (stain- 

les) ... 4.6 67 163 214 |244 | 364 | 424 | 477 


Table 30 


Specifie Heat Capacity of Liquid Ethyl Alcohol 
at Different Temperatures and Pressures 
(с 103 J/kg-K) 


"Tempera- 
ture, °C 


—60 | —40 | —20 0 20 40 60 
Pres- 


sure, kgf/cm? 


toto 
PS 


10 ба 
60 1. 


Tempera- 
ture, °C 


80 100 | 120 | 140 | 160 | 180 200 
Pres- 
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Specifie Heat Capacity of Gases 
(c,, 103 J/kg-K at pressure of 1 atm) 


Carbon Water 
dioxide vapour 


85 
Table 31 


Ethyl 
alcohol 


i 
в 
55 
EM 
Bg 
2 
aS 


Heat of Vaporization 


cra- 
Substance ren 
Ar(2045 053 аза a aise eed ES 37 
Chlorota? PRE Vd ND 61.2 
ТОД (СИПА. ubi а а 0 
Freon-12 (CFClg 51... raer 0 
а saisie ава bay 100 
mte EIE ru can oes кае а 160-230 
aphthalene , ke 220 
СВО ы dea Bede Ro = 
BEI аас вн 50-120 
Sulphuric act; .......... — 
8 
& 
> 
= 
S 
680 700 720 740 750 780 80 
p, mm Hg 


Fig. 22, Boiling point of ordinary water depending on atmospherio 


pressure 
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Table 38 


Heat of Vaporization at Different Temperatures 
(r, 194 J/kg) 


Alcohols 


[=e MN 
5 °С | meth- 4| pro- d Ec Benzene 
yl ethyl pyl 

122 јат] = 38.8 - = 
20 |119 | 92.5] — 36.7 35.2 = 
40 |116 [92.0] — 34.7 36.5 - 
60 [113 | 89.4 | — 32.9 37.6 = 
80 |109 | 86.6 | 72.6 | 30.8 38.4 40.1 
100 |103 | 82.7 | 68.8 | 28.7 38.7 38.3 
120 97.4 | 77.3 | 64.2 | 26.1 39.6 36.3 
140 90.6| 71.7 | 59.8 | 23.4 38.5 34.7 
160 83.1 | 65.8 | 54.1 19.3 37.6 33.1 
180 74.3| 58.4 | 48.8 | 13.4 30.8 31.3 
200 68.8 | 48.7 | 42.9 = 35.8 28.8 
220 47.2] 37.0 | 35.8 = 34.4 26.1 
240 — | 16.9 | 26.6 = 32.8 22.7 
5 -— -— 14.1 -— 30.3 18.4 
= — = 26.6 11.5 


Table 34 


Heat of Vaporization of Carbon Dioxide 
at Different Temperatures 


Temperature, T. Tempe: г, 
°С 103 ]/kg meg | gor duke 


338 237 


320 155 
304 E 63 
262 0.0 
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Table 35 


Melting Point Z'm at Triple Point, Heat of Fusion A, 
Boiling Point T» at Standard Pressure, and 
Heat of Vaporization 7 of Liquefied Gases 


Liquefied gas | B < | ша | Te К | xí ot 
Jf с А 60 — 81 6080 
Argon . 83.8 1180 87.3 6610 
Carbon dioxide . . 216.4 7950 194.7 16 500 

(at 5 atm) (sublima- 
tion) 
Fluorine 55.2 1520 85.2 6460 
Helium’. . — 14 4.2 93.8 
Hydrogen 14.0 117 20.4 944 
Nem ... 24.6 366 27.1 1770 
Nitrogen . 63.2 713 17.3 5530 
Oxygen . . 54.4 445 90.2 6840 


Note. The heat of fusion corresponds to the melting point at 
the triple point, and the heat of vaporization to the boiling point 
at standard pressure. 


Table 36 


Density, Freezing Point, and Boiling Point of Aqueous 
Solution of Sodium Chloride at Different Concentrations 
and Standard Pressure 


Density of solu- | Content of NaCl g Boili. 
tion at 15 *C, | kg per 100 ке | — point, "C oint, 4 
р, 103 kg/m3 of water БОШО ашый 

100.2 

5 HER 100.4 
2 LE 100.6 
n ps 
UE 1-0 101.4 
“08 . 10177 
10.6 1020 

8 12.3 102.3 
9 14.0 102:7 
0 15:7 103.4 
1 17.5 103.5 
2 19.3 103.9 
3 21.2 104.4 
% 23.1 104.9 
5 25.0 105.4 
б 26.8 105.9 
5 30:1 205.3 
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Table 37 


Maximum Boiling Points of Aqueous Solutions 
of Selected Salts at Standard Pressure 


Concentration of 

substance, kg per 

Substance 100 kg of water at 
boiling point 


ай 


Ва(МОз)2 . 
CaCle . 


CuSO4 
КТЕ. 
шас... 
NaCl ... 
NaNOs .. 


т=н, 


Note. Concentrations are given Oilin, joints 
of the solutions are maximum, ats RAOR she boiling g 


Table 38 
Properties of Ordinary and Heavy Water 


; 

Se P В Density р, 

25 2 ri 103 kg/m 

S E E 

ЖЕ & & ia 

„ао кє = 
о |||, 
в |535] X | S8 | Ea | 88 | #8 
= [ЕЕ 5= | 6= | s | ЕЕ 


& AS 
TE рие 374.15/225.65| 0.315 | 1 
3.82 [11.23 |101.23|371.5 |218 


0.363 | 1.106 
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Table 39 
Critical Parameters 


ib: Рег» 
Substance 103 шз 


© 


Жазы EUER аиа Ыы 


an 


Table 40 


Temperature and Pressure for Triple Points 
of Selected Substances 


Substance | T, K 105 ут? Substance | Т, К 105 N/m? 
Ammonia |19 0 6 | Oxygen 54.33 | 0.00152 
cam 5.5 06065 | Oxygen. 
216 5.18 drogen . 13.81 | 0.0704 
24.56 — Water 273.16 | 0.0061 
63.15 


Table 41 
Properties of Saturated Water Vapour 


Heat of vapori- 
Pressure, | Temperature, | — Yolumo, zation т, 
isis °С m3/kg 109 J/kg 


Table 41 (concluded) 
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Table 43 


Coefficient of Linear Expansion of Solids 
(for Temperatures of about 20°С) 


a, a, 
Substance 10-6 K-1 Substance 10-9 K-1 

Aluminium 22.9 Iridium ..... 6.5 
Bismuth ..... 13.4 Iron, cast ... 10.2 
C RC MARRE 18.9 Ditto, pig ... 10.4 
Brick masonry . . 5.5 ht. 11.9 
Bronze ...... 17.5 28.3 
Carbon (graphite) 7:9 25.1 
Cement and con- И 13.4 

oreto ...... 12.0 Platinum .... 8.9 
Constantan . . . - 17.0 Platinum-iridium 
Copper ..... . 16.7 АШҮ ал» эл » 8.7 
Diamond|. .... 0.91 Porcelain . . . . . 3.0 
Duralumin . . .. 22.6 Quartz (fused) . . 0.5 
ропе. а. 70 Steel 3 (grade 20) 11.9 
German silver . . 18.4 Ditto, stainless 11.0 
Glass, ordinary . 8.5 MIR usen 21.4 
Ditto, Pyrex 3 Tungsten... . 4.3 
Gold . esos» M 14.5 Vinyl plastic . . 70 
Granite. .... * 8.3 Wood, across grain 50-60 
Ice from —10°С 50.7 pitto, along grain „2-6 

РИГЕ 0.9 Zine а... 30.0 
Invar (36.1% Ni) 


т eS eal 


Table 44 


Coefficient of Linear Expansion 
at Different Temperatures 
. (a, 10-6 K-!) 
Temperature, K 
5 " 
aep | | 100 | 200 | 300 


Aluminium 

Copper ... 
Fluoroplastic- 
Glass (Pyrex) 
Steel, low-carbon 
Ditto, stain less 

Titanium .... 
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Table 45 


Surface Tension of Liquids 
(at 20 °С) 


Substance о. Substance 


Acetic acid . . . . Methyl alcohol 


Nitric acid... . 
Nitrobenzene . 
Olive oil 


Petroleum .... 

Propyl alcohol . 

Sulphuric acid, 
85% 


Ethyl alcohol 
Ethyl ether 
Glycerine . 
Kerosene .... 


эзел ee ӘКЕ co Po ee lo го. 
00 © сэ t900 C: CO оса 
SF Fats ана 


©. 
o 


Table 46 


Surface Tension of Water and Ethyl Alcohol 
at Different Temperatures 
(a, 10-3 N/m) 


temperature, | | —] J 
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Table 47 
Surface Tension of Metals in the Liquid State 


— 
Metal ‘Temperature, °C a, 10-3 N/m 
Aluminium 750 | 520 
А 300 376 
Bismuth 400 370 
500 363 
350 442 
Lead 450 438 
500 434 
20 465 
112 454 
Mercury 200 436 
300 405 
354 394 
REESE SS AP Ss з ти 
Potassium (in atm of CO2) 64 410 
Sodi 100 206.4 
Sera 5 250 199.5 
i 300 526 
Tin 400 518 
500 510 
Table 48 


Thermal Conductivity of Selected Materials 


Substance Mob eh A, W/m-K 
Metals 
Aluminium E 209.3 
Brass . , = 85.5 
Cast iron = 62.8 
ea Е i 
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Table 48 (concluded) 


Moisture content, d 
Substance % of weight ^, W/m-K 


Thermal-insulating materials 


Asbestos cardboard Air-dry 0.157 
Asbestos felt... . Ditto 0.052-0.093 
Asbestos paper Ditto 0.077-0.134 
Foam concrete Ditto 0. 07-0.32_ 
Foam glass Ditto 0.073-0.107 
Foam plastics Ditto 0.043-0.058 
Furnace slag . Ditto 0.233-0.372 
Glass wool... .. =- 0.035-0.081 
Mipora (formalde- 

hyde-urea foam) — 0.038 
Peat slabs ..... — 0.047-0.07 
Pressboard (made of 

геедз)....... Air-dry 0.105 
Wool felt ..... Ditto 0.047-0.058 


Miscellaneous materials 


Brick masonry . Air-dr 
Cardboard . . D Ditto 
бу v... ‚ к 15-20 
Concrete with 

crushed rock 
Corkboard 


Fluoroplastic-3 
Fluoroplastic-4 
Glass (ordinary) 
Granite .... 


Heat and Molecular Physics 95 


Table 49 
Thermal Conductivity of Asbestos 
at Different Temperatures 
(р=576 kg/m’) 
1, *6 | 0 | 50 | 100 | 150 
A, W/m-K | 0.15 | 0.18 | 0.195 | 0.205 
Table 50 


Thermal Conductivity of Foam Concrete 
at Different Temperatures 
(p = 400 kg/m3) 


Table 51 


Thermal Conductivity of Liquids 
at Different Temperatures 
(Along Saturation Line, W/m-K) 


Temperature, °С 
Substance 
ai 0 [so | o: 


Acetone 
Aniline . 
Benzene 
Castor oil 
Ethyl alcohol 
Glycerine ... 
Methyl alcohol . 
oluene .. 
Vaseline oil 
Water 


oooocooooo 
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Table 58 


Thermal Conductivity of Gases 
at Standard Pressure 


Substance Temperature, a, 10-4 W/m-K 
| 
Wifoazmaacdtioe 20 257 
JURO Ru Son р 41 187 
Carbon dioxide 20 162 
Helium 43 1558 
Hydrogen 15 1154 
Methane 0 307 
NICKONGH. cra GR rus 15 251 
с T EP earam x0» 20 262 
Table 53 


Thermal Coeffivient of Pressure Change 
for Selected Gases 


Air 
Gas with- | Ammo-} Carbon He- | Hydro-| Nitro-| Oxy- 
out nia | dioxide | lium gen gen gen 

CO2 
0, 10-3 K-1| 3.674 | 3.802| 3.726 | 8.660] 3.662 | 3.674 | 3.074 


Table 54 
Standard Atmosphere 


Altitude, 
m 


Pressure, -> 20. °C 
Po Density, Da Temperature, 


1000 0.887 0.90 % 
2000 0:784 0:822 3° 
3000 0.692 0.742 —4.5 
4000 0:608 0:669 -— 6H 
5000 0:533 0:601 7.5 
6000 0.465 0.538 4 
7000 0:405 0.481 0.5 
8000 0:351 0:428 7 
9000 0:303 0:381 3 
10 000 0:261 0:337 —50 
Lr E M 


sonder Po and po—pressure and density of air in ;standard 
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Table 55 


Coefficient of Diffusion 
of Gases and Va in Ai 
(at 0 °С and 760 mm Hg) Бете 


Gas D, 

аз 10-4 | Gas Да 
А! H " 

Acetylene 0.107 | Hydrogen... . - 0.64 
Ammonia . 0.19 Methane ..... 0.2 
Benzene ....;.. 0.2. Methyl alcohol . . 0.13 
Carbon dioxide |: 0.078 Oxygen .. s>- 0.18 
Carbon ОН дө" 0.14 Petrol, aviation 0:079 
Ethyl pain Bide 0.09 Toluene ... 0.07 
Ethyl ether. ; . . 0:08 Water vapour 0:21 


Fi 
8. 23. Temperature dependence of coefficient of diffusion of gases 
and vapours in air 


Table 56 
Gas Kinetic Diameters of Molecules 

i Di eter 

Substance маш ы Substance d, USt 
Hah а; We 3.6 Mercury . -+° 3.0 
Carb "m 4.54 Methane...» 4.44 
] 3.70 Neon xe ot 3.54 
Шаша Что 5.44 Nitrogen -<-> 3.7 
Нуб А 2.15 Oxygen -= 3.56 
Корь. ЖЫШ, ШЕШШ 2.0 | Xenmn.:- 7^ 4.0 

m 3.14 
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Table 57 


Coefficient of Diffusion of Aqueous Solutions 
in Pure Water 


E. Concentra- D. 
Substance °б Hon об 10-9 m2/s 
Ammonia sce ssw eee es 12 1.0 
4 3.55 
3.75 
Calcium chloride ....... 10 0.27 
2.0 
Canesugar........... 18.5 0.30 " 
0.97 8 
1.97 ‚50 
Copper sulphate ........ 17 0.10 0.45 
0.50 0.34 
1:95 0.27 
Ethyl alcohol ......... 11 0.05 0.84 
0.25 0.8 
0.75 0.72 
3.75 0:52 
Е Eu E E 10.14 0.125 0.412 
0.875 0.396 
1.75 0.347 
ER Bey 19.2 0.10 2.56 
0.90 3.04 
3.20 4.5 
LA ICI APT v qure 0.10 2.4 
0.90 2.02 
3.90 2.85 
E use apa 0.02 1.57 
1.0 1.54 
3.8 1.55 
DEL ERO EE 0.02 1.19 
0.10 1.13 
0.90 1.02 
3.9 0.61 
Po gera yu а 0.02 1.09 
0.1 1.09 
0.9 1.12 
3.9 1.18 
Ronde e st ae 0.35 1.53 
2.85 1.85 
4.85 2.20 


Heat and Molecular Physics 99 
Table 58 


Van der Waals Constants 


a = 
il. жы | 
Е © E 9 
& Е E] E 
= [os E ш 
= = È x 
Substance Е t Substance B Я 
У РА m eo 
e i 3 5 
2 E = Я 
t ds d 5 
Acetone... . |14. 98.5 Methane ... | 2.28 2741 
Ammonia ibe 37.2 Methyl alcohol |15.2 67 
Argon... .. 1.36 | 32.3 | Neon ..... 0.22 | 17.1 
Benzene . | | 18.2 (115 Nitrogen 1.41 39.2 
Ethyl alcohol” |12:2 |840 Oxygen 1.38 | 31.8 
Ethyl ether . . |17.5 |134 Propane. ... | 0.88 | 84.5 
Helium .. | | | 0:035] 23.8 | Propy! alcohol |15 101 
Hydrogen . 2.47 | 26.6 | Water..... 5.55 | 30.5 
Krypton 1 | 2:34 | 39:9 | Xenon 2] 4.45 | 51 
Mercury... | 8:2 | 16:7 
Table 59 
Heat of Combustion of Selected Fuels 
Wp Ww 
Fuel 105 J/kg | 105 J/kg 
ПСЕ ЕЈ г nece me 
Solid 
Anthracite » .. | 320-340 | 190-270 
Brown con (27810 "A ^: ctt | 250-290 | 100-170 
ОНИ mtl 300 — 
310-320 0 


Table 59 (concluded) 


Wy. Wi. 
Buel 105 J/kg | 105 J/kg 
Liquid 
Diesel motor vehicle fuel... . , , , — 127 

Ethyl alcohol ...... 2222717 — 2 HT 
О y Wri s aat co oran eraa d. — 380701 

Kerosene, commercial :; 7/77777? — i 
Petrol, high grade s... loons — А i 
Petrol, third |. ЖИР РР ЫР, — 436 
Carbon monoxide — 130 
Coke oven gas. . | | || аң 160-190 
Hydrogen ..::::::: = 110 0 
Illuminating gas — 175-21 
Natural gas... | . - 360 
a EM 


Note. The heat of Combustion determined without account 
taken of the losses for the evaporation of the water contained 
in the fuel is called the higher heat of combustion Wy, and with 


account taken of these losses—the lower heat of combustion Wi. 


Table 60 
Psychrometric Table of Relative Humidity of Air 


Reading of Difference between readings of dry- 
dry-bu ermometers, °С 


and wet-bulb 


„5 
= 
Sam) 
"ip 
P 
—|= 
"P 
= 
ral 
р 
IE 
Р 
5 


0 100 xd EAT EM t р m рр 
2 100) SE 68 | 51 | $8 | 24 | — -—|-J-]- 
4 100] 85 | 70 | 56 | 42 | 38 44) — |- |- |— 
6 100 | 86 | 73 | во | 47 35 | 23 | 40 |— |- | 
8 100| 87 | 75 | 63 | 51 | 56 28 | 18 | | | — 
10 100| 88 | 76 | 65 | 54 | 40 34 | 24 |14| 4|— 
12 100| 89 | 78 | 68 | 57 | 48 38 | 29 |20| 44] — 
14 100] 90 | 79 | 70 | во | as 42 | 33 |25| 17] 9 
16 100) 90 | 81 | 71 | go | 84 45 | 37 | 30| 22 | 15 
18 1001 91 | 82 | 73 | 64 | 36 48 | 41 |за | 26 | 20 
20 100| 91 | 83 | 74 | 6g 59 | 51 | 44 [37 | 30 | 24 
22 100| 92 | 83 | 76 | 68 61 | 54 | 47 | 40] 34] 28 
24 100| 92 | 84 | 77 | 69 62 | 56 | 49 | 43 | 37 | 3 
26 100/92 | 85 | 78 | 71 $4 | 58 | 50 145] 40] 34 
28 100193 | 85 | 78 | 75 65 | 59 | 53 [48 | 42 | 37 
0 100) 93 | вв | 79 | 72 97161] 55 | 50 | 44 | 39 


thermometers, and the line 
Ty-bulb thermometer. 


CHAPTER III 


MECHANICAL 


OSCILLATIONS 
AND WAVES 


FUNDAMENTAL CONCEPTS AND LAWS 
1. Harmonic Motion 


Motions (or changes of state) which to a certain extent 
repeat themselves at regular intervals of time are called 
in physics and engineering vibrational or oscillatory motions 
(vibrations ог oscillations). Ө 

If the oscillations involve a change only of mechanical 
quantities (displacement, velocity, density, acceleration, 
etc.), then we speak of mechanical oscillations. 

Periodic oscillations are oscillations in which each value 
of the variable quantity is repeated an endless number of 
times at regular time intervals. The smallest time inter- 
Val 7 which elapses between two successive repetitions 
of each value of the variable quantity is called the period 
of oscillation. 


The quantity v -4 is called the frequency of periodic 
oscillations. The frequency v is measured in hertz (or cycles 


Der second): 4 hertz (Hz) is the frequency of periodic oscil- 


ation whose period is 1 second. ыз pe? 
Tarmonic motion (oscillations) is the periodic variation 


9! а quantity which can be expressed as а sine (or cosine) 


unction: 
z= A sin (ot + 9) (3.1) 


The positive quantity A in (3.1) is called the amplitude 
of harmonic motion, (ot -+ q)—the phase (or phase angle) 
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of harmonic motion, p—the starting phase, and ое 
cyclic (or angular) frequency: 


o= ae 2лу (8.2) 


The phase of harmonic motion determines tho value of 
а variable quantity at a given moment of time. The phase 
is expressed in units of angular measure (radians or degrees). 
The angular frequency із 
measured in radians per 
second (rad/s). = 

Ап example of harmonic 
motion is the motion of the 
projection of a ball which 
is in uniform circular motion 
with an angular velocity ©. 
(Fig. 24). For balls Z and 2 
the displacements of the 
projections are, respectively; 
z, = В sino = А sin ot 


: =, = Rsi = 
Fig. 24. Harmonic motion ot ^7? R ain (Git qi 
projections of balls describing =R sin (wt + q) 

uniform circular motion Oscillations with the same 


E Р frequency but different start- 
ing phases are said to be out of siue [an to have a phase 


n (oscillations) of a body appears when 
by a quasi-elastic force. The term quasi- 
to denote forces that are not elastic 
magnitude is proportional to the 
ody from the equilibrium position: 
YS directed towards the equilibrium 
cnn matical expression of a quasi-elastic 


F = —kr (3.3) 


where k is а coefficient of proporti i i- 
portionality called the quas 
elastic force constant, and z—the displacement; the minus 
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Sign denotes that the force is directed towards the equilib- 
rium position. 

Any kind of periodic motion can be represented to any 
degree of accuracy by a sum of harmonic motions.* 


2. The Pendulum 


A physical pendulum is a rigid body which is suspended 
from some Point above its centre of gravity. A body thus 
Suspended can perform oscillations. The pendulum is called 
а simple (or mathematical) pendulum if the entire mass of 
the body can be regarded as concentrated at one point. 
A sufficientl 


y close approximation of a simple pendulum is 
a small ball (called a pendulum bob) suspended from an 
inextensible string, i 


f the friction of the air and the pen- 
uum support are negligible, and the dimensions of the 
ball are small compared with the length of the string. For 
Small angular displacements {һе oscillations of a simple 
pendulum may be considered harmonic. All the formulas 
given below relate exactly to such oscillations. 
№ period of the simple pendulum is given by the for- 


T=2n V + (8.4) 
where Z is 


tion due лр of the pendulum, and g—the es 
вазе oscillations of a bob suspended from a spring can be 
vithi Ea armonic if the amplitude of oscillations is 
and oiis of validity of Hooke's law (see p. 53), 


па] forces are negligible. 
© period of the bob 4 s 


Т=2л ys (8.5) 
Where i 
elasticity of the mass of the bob, and k—the coefficient of 


quir e Spring, equal numerically to the force re- 
ied to stretch the spring by 1 cm.** 


is shown in mathematical ‘anal 
Presented by an infinite sum о 
m s 
from а formula (3.5) applies not onl 
à у to,the case of a bob suspend 
Pring, but also to all cases for which the relation (3.3) i validi 


ЛЕ ‘ 
сап be re ysis that any periodic motion 
‘armonie 

* 


f harmonic motions, called a 
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A torsion pendulum is a body which performs Tota. 
oscillatory motion under the action of a spring (for example, 
the balance wheel in watches and clocks). Under certain 
conditions (when the amplitude of oscillation is sufficiently 
small and frictional forces are negligible) such motion can 
also be considered harmonic. 

The period of a torsion pendulum is 


T—2n ys (3.6) 


where J is the moment of inertia of the body about the axis 
of rotation, and D—the torsional rigidity, equal numer. 
cally to the torque required to turn the body through uni 
angle. 


The period of a Physical pendulum is 


Т=2л y 2 (8.7) 
mga 


where J-is the moment of inertia of the body about an axis 
passing through the point of support, a—the distance from 
the centre of gravity to this axis, m—the mass of the body, 
and g—the acceleration due to gravity. 
he quantity 
J 


E 
is called the reduced length of a physical pendulum, which 
is equal to the length of a mathematical pendulum whose 


period of oscillations coincides with that of the given phys- 
ical pendulum. 


3. Free and Forced Oscillations 


The oscillations which a 
some way displaced from е 


ictional force (whic 


A ж 
elocity, Fg, = —rv": 
—— —— 
*» The minus sign denotes that the vect ity and force 
are oppositely directed. чороон 
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œ 


a 


> 


N 


Relative value of amplitude 


O— p, 08012 16 20 
w/w 
Fig. 26. R rves for various degrees of damping. 
The axis of ordinates shows the relative values of the displacement 
" М "n 
amplitude PUn , where B is the displacement amplitude, and "hU —the 
o/R 


Static displacement i t which would be induced 
a equal to the displacement w ti Чис 

уа constant Toret having a value equal to the amplitude of the acting 

orce. The axis of abscissas shows the relative changes in the frequency 


[x » Where oy = ] / А is the frequency of the free oscillations in the 
m 


ғ 
absence of friction. The curves relate to different values of DIY The 


dots show tne position of the maximum value of the displacement 
amplitude 
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i illati The 
h v is the velocity) are called damped oscillations. 
equation of damped oscillations has the form 


79! sin (wt+@) (3.8) 


The positive quantity A is called the initial amplitude, 
6—the damping constant, Ae 9! —the instantaneous value of 


the amplitude, w—the angular frequency, and e—the base 
of natural logarithms; 


z= Ае 


Bc. (3.9) 
and 


з 
ка: Е 3.10) 
“= m 4n2 ( 


where r is the frictional force constant, m—the mass of the 
body, and k—the quasi-elastic force constant. the 
Damped oscillations are depicted graphically by 
curve in Fig, 25, 
The oscillations of 
riving force are ca 
When the period of 


a body under the action of a periodic 
lled forced oscillations. hes 

the sinusoidal driving force approac de 
the period of natural oscillations of the body, the amplias 
of the forced oscillations increases sharply (Fig. 26). 
phenomenon is call 


ed resonance, 
If the frictional 


forces are large (strong damping), M 
the resonance is weak (see Fig. 26), or does not mani 
itself at all 


Е 
(tor example, when a 1). 


E Í 0 а 

Undamped oscillations which are maintained by tha 
action of driving forces on a system at definite moments 
time determined by the s 


ystem itself are called self-induced» 
Or self-maintained oscillations. 


In self-maintained oscillations the system itself controls 
the driving action (for example, the pendulum in a cloc: 


4. Summation of Harmonic Oscillations - 

When a body simultaneously performs two (or moro) 
oscillations, its resulting displacement at any moment e- 
time equals the vector sum of all the individual displac 
ments, 
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Upon the summation of two h i illati 
а armonic oscill i 
the same frequencies and directions: seillations Haying 
тү = Ау sin (ot + Ф) 
т, = Á, sin (wt + Ф) 
the amplitude of th i 
n e resultant displacement Аг is found 
сот to the rule of the parallelogram as shown in 
Fig. 27. The resultant displacement 
in this case will be 
Tr = Ар sin (ot + 9r) 


Where 


Ar= V AF Ad 3-24: cos (95 — 9) 
A, sin фу - Аз sin P2 
Ay cos Фу - Ag соз Фр 


lan p, = 


Wh Fig. 27, Summation 
ior a body simultaneously per- ar dispiacem ni адас 
two harmonic oscillations Pscillations having the 


wi * 
(with the same frequency) in mu- same direction 


ШЕШУ perpendicular directions, its 
Placements are determined by the equations 
х= Asin ot 
y = Аз зіп (ot + Ф) 
ion is described by the equation 


апа the trajectory of its mot 
of an ellipse (Fig. 28): 


т? ГА 22у 
4 4 AA 


2 


= sin? Фф 


cos p= 


When А, = 4, and Ф = 90°, 
Fi the body travels along a 
tage Summation of mu. Circle having the radius А}. 

S o perpendicular har- When 9 = 0, the body trav- 

nic oscillations els along a straight ,line pass- 

HI: osa ing through quarters I and 

passi vhen Фф = л, the body travels along а straight line 
L ng through quarters 77 and ГУ. 
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5. Waves 


The process of propagation of any kind of disturbances 
(i.e. changes of state) is called waves. For example, if we 
strike one end of a metal bar, a local compression arises 
at that end and passes along the bar with a definite velocity. 

The velocity with which the disturbance advances in 
space is called the wave velocity. The velocity of mechanical 
waves depends on the properties of the medium, and in 
some cases on the frequency. The dependence of the wave 
velocity on the frequency is called dispersion of the velocity. 

When mechanical waves propagate in a medium, the 
particles of the medium vibrate about their equilibrium 
positions. The velocity of the particles of the medium is 
called the vibrational velocity. 

If, when waves propagate in a medium, the parameters 
characterizing the medium (for example, density, particle 
displacement, pressure, etc.) vary at any arbitrary point 
in space according to a sine function. the waves are called 
sine waves. 

Ап important characteristic of sine wavesisthe wavelength. 
The wavelength (A) is the distance travelled by a wave in 
one period: 


a=? (3.11) 
v=} (3.12) 


where v is the wave velocity, v—the frequency, and T—the 
period. 
The mathematical expression 


z-Asino(t— 2) = Asin (ot — kr) 


which describes the variation of a parameter of the medium 
through which sine waves are propagating is called the 
equation of plane harmonic waves.* 1n this expression A is the 
amplitude of the wave, w—the cyclic frequency, r—the dis- 
tance from the source initiating the wave to the point of 
interest in the medium, v—the velocity of the wave, k — 


* Here x denotes any parameter characterizing the state of the 
medium (for example, pressure, temperature, etc.). 
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2 Ae 4 
= the wave number, and the expression wt—kr is called 


the phase of the wave. Я 

А surface all of whose points are in the same phase is 
called a wave front, or a wave surface. 

According to the shape of the wave surface we distinguish 
between plane (plane wave surfaces), cylindrical (cylindrical 
wave surfaces), and spherical (spherical wave surfaces) 
waves. 

The equation of cylindrical waves is 


A 


Vr 


sin (wt — kr) 


m 


and of spherical waves 


z=4 sin (ot — kr) 


If the particles of a medium are displaced parallel to 
the direction of propagation of a wave, the latter is called 
longitudinal; if the particles are displaced in a plane per- 
pendicular to the direction of propagation, the wave is 
called transverse. Mechanical waves in liquid and gaseous 
media are longitudinal, whereas in solids both longitudinal 
and transverse waves are possible. _ m 

The velocity of longitudinal waves in a rod is given by the 
formula 


Е (3.13) 


„= р 


where Æ is Young's modulus, and p—the density. 
The velocity of fongitudinal waves in a solid whose trans- 
verse dimensions are much greater than the wavelength is 


co T — ишә 344 
а= p ина в 


Where р is the density of the substance, E—Young’s modu- 


us, and p—Poisson’s ratio (see Table 17). . d 
The velocity of longitudinal waves in thin plates is 


E 
па au iin 


110 Handbook of Elementary Physics 


The velocity of longitudinal waves in liquids is given by 


the formula 
= Y (3.16) 
ела V Pis 


c 
where p, is the isothermal compressibility*, and ү = =. 
D 


The velocity of transverse (shear) waves is given by 


w= ЕА (3.47) 


where G is the shear modulus (see р. 55). 
The velocity of sound waves in gases is expressed by the 


formula: 
nay vÈ (3.18) 
£p 


where ү = Е and p is the pressure. 
D " 
Formula Ола) may be applied to ideal gases; in this 


case it can be written in the form 
Us, g — | YAT (3.19) 


, 


where p' is the molecular weight. 

Waves on the surface of a liquid are neither transverse 
nor longitudinal. The particles of water describe more 
complex motion in surface waves (Fig. 29). 

The velocity of surface waves** is given by 


where g is the acceleration due to gravity, A—the wave- 
length, a—the surface tension, and p—the density. 5 

Formula (3.20) applies when the depth of the liquid is 
not less than 0.54. 


* For compressibility see p. 55. In isothermal compressibility 
compression takes place at constant temperature. 

** Formula (3.20) applies to waves on a liquides interface when 

the density of the liquid is much greater than that of the gas. 
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When the depth of the liquid А is small (less than 0.54), 
the velocity is expressed by the formula: 


vsur V gh (3.21) 


Wave motion is accompanied by the transfer of energy; 
the particles of the medium, however, are not carried along 
the direction of propagation of the wave, but only oscillate 


Fig. 29. Trajectories of particles of water in propagation of surface 
waves: anh 


(a) in shallow water; (b) in deep water (the ratio = is very large); 


‚о 2mth . 
(c) in very shallow water (the ratio = 1$ уегу small) 


about their equilibrium positions (if the waves are of small 
amplitude and the medium is non-viscous). 

he mean quantity of energy transmitted 
across 1 square centimetre of wave surface is calle! 
sity of the wave. 

Intensity is expressed in W/cm? or erg/cm? «s. 

i The intensity of sound waves is sometimes called sound 
ntensity. : 

When mechanical waves travel through a medium, the 
Velocity and acceleration of the medium articles vary 
according to the same harmonic law as the displacement does. 

If the amplitude of displacement of the particles is zo 
When a plane wave of cyclic frequency c passes throng 
a medium, the amplitude of the vi rational velocity will be 

(3.22) 


er second 
d the inten- 


цо = 025 
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the amplitude of acceleration 


dy = @?хо (3.23) 
and the intensity 


1— 3 png (3.24) 


where p is the density of the medium, and v—the wave 
velocity. 


6. Sound 


Sound is the name given to mechanical vibrations in 
elastic media and bodies (solid, liquid, and gaseous) whose 
frequencies range from 17-20 to 20 000 Hz. These frequencies 
of mechanical vibrations can produce the sensation of sound 
in the human ear. Mechanical vibrations with frequencies 
below 17 Hz are called infrasonic (or subsonic), and with 
frequencies above 20 000 Hz are called ultrasonic. 

When the ear perceives sound, it distinguishes its loud- 
ness, pitch, and timbre. The loudness of sound is determined 
by the amplitude of its vibrations, the pitch by their fre- 
quency, and the timbre by the amplitude of the vibrations 
of the overtones (vibrations with higher frequencies). 

The change in pressure in a medium upon the propagation 
of sound waves in it in comparison with the pressure in the 
absence of these waves is called the sound pressure. The 
following relation exists between the amplitude of sound 
pressure Ар and the maximum vibrational velocity: 


Apo = рощ (3.25) 


The intensity of plane sound waves diminishes owing 
to absorption in a medium according to the law 


І. = Гуе 29 (3.26) 


where Го is the intensity of the waves entering the medium, 
and J,—their intensity after travelling the path z. © 
The quantity a determining the degree of attenuation 
of sound waves is called the sound absorption coefficient 
(with respect to amplitude). 2 
The intensity of sound corresponds to the subjective 
sensation of loudness. Below a certain minimum intensity: 
called the threshold of audibility, sound is no longer audible 
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to the hum 
Жүкө) an ear. The threshold of audibility is di 
Oden de s frequencies. Sound of a АТЫ 
sity of cns es sensation in the ear. The smallest inten. 
of discomfort, sing such a sensation is called the threshold 
\ change in i i A i 
decibels (m. intensity (intensity level) is expressed in 
e num i 
ber of decibels equals the common logarithm of 


the rati i = 
io of the intensities multiplied by 10, i.e. 10 log (7 ) о 
0 


As a rule, i i 
which is ag’ in acoustics Г, is taken equal t 10-9 Я 
Ы а equal to erg/cm? -s 
old of audis ate dd Ha the intensity at the thresh- 
" 


TABLES AND GRAPHS 
Table 61 


Deci- 

1, 
bels | w/ma x. Examples of sound of the 
м ao m 


0 
10-12 
10 0.00002 | "Threshold of audibility of the human 
10-1: | 9 ar. 

i .000065| Rustle of leaves. Low whisper at а 
2 10-10 distance of 1 m 

020008 Quiet garden 
age sound level in 


30 
10-9 
100065 | Quiet room. Averagt 
an auditorium. Violin playing pia- 


40 : 
10-8 nissimo 
50 | 10-7 0002 Low music. Noise in а living room 
.0065 Loudspeaker at ]ow volume. Noise in 
60 а restaurant or office with open 
10-6 0 windows 
-02 Radio turned on loud. Noise in a 
70 store. Average level of speech at а 
10-5 0 distance of 1 m 
80 -0645 Noise of a truck motor. Noise inside 
90 | 1074 0 a tramcar 
10-3 0-20 Noisy street. Typists’ room 
100 - 645 ‘Automobile horn. Large symphony 
110 10-2 2 orchestra playing fortissimo 
120 10-1 v Riveting machine. Automobile siren 
1 20° 5 Pneumatic hammer i 
130 Jet engine at a distance of 5 m. 
10* [од Loud thunderclaps 
5 Threshold of pain, sound is no long- 


| er audible 
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Table 62 
Velocity of Sound in Pure Liquids and Oils 


t v, a, 
Liquid | °б m/s | m/s-K 
Я Pure liquids 
PSAOBEORIS sas ahs Gib & ayes ess 20 1192 | —5.5 | 
ANIMS. uisa. ouk ie Re 20 1656 —4.6 
Benzéne ETEEN 20 1326 —5.2 
Ethyl alcohol ..,...... 20 1180 —3.6 
Giycerind. cies us sii 20 1923 —1.8 
ТОО es: E E miss " 34 1295 = 
Mercury ic). Go aa А 20 1481 —0.46 
Methyl alcohol 20 1123 —3.3 | 
Ordinary water 25 1497 2.5 
Sea water 17 1510-1550 — 
Oils 
EROR E E 29 1406 = 
Eucalyptus 29.5 1276 = ; 
Gasoline ...... 34 1250 = 
Linseed |... 31.5 1772 = 
Olive... 32.5 1381 — 
Peanut... 31.5 1562 — 
Rapeseed . . 30.8 1450 — 
Spindle... 32 1342 — 
Transformer 32.5 1425 — 
Note. The velocity of sound in liquids decreases with a rise 
їп temperature (with the exception of water) Тһе velocity at 
temperatures other than those given in the table can be compu- 
{ей from the formula: Ve =v + a (Ё — to), where v is the veloc- 


ity given in the table, a—the temperature coefficient given in 
the last column of the table for pure liquids, t—the empera- 


ture for which the velocity is calculated, and to—the temper- 
ature indicated in tho table, 
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Table 63 
Velocity of Sound in Solids 
(at 20 °С) 

Material vip m/s vr. m/s | о, m/s 
АТИН o: ee y ce 5080 6260 3080 
ВВ og REM Ed mm 3490 4430 2123 

"Gaoütehouc <s = 2506.55 — 1479 — 
COpper PL 3710 4700 2260 
DUE: кеа xam er Sox ж OUR 500 = = 
БОЛ ВЈ". заана ааай 1570 2405 - 
Glass, crown ......... 5300 5660 3420 
Ditto, heavy crown ..... 4710 5260 2960 
Ditto, heavy flint... . . .- 3490 3760 2220 
Ditto, light flint ....... 4550 4800 2950 
Ditto, quartz ......-+5 5370 5570 3515 
JOB. secos tor sip ter ia e Pin ЖАЙ 3280 3980 1990 
DD. Sonn Ws неа a ef 5170 5850 3230 
TOR corvum Ted a qr. s ERR 2640 3600 1590 
Támestons: o. eue oe wha е8 85 — 6130 3200 
Marble....... is ap i теа — 6150 3260 
BCS. cono uon алумни .... — 7760 2160 
NIGEL rua gom xen 4785 5630 2960 
Plaster of Paris... . ++ А — 4970 2370 
Pléxiglos aces da EEA - 2670 1121 
Polystyrene .........- — 2350 1120 
Porcülit uuu eon о авая 4884 5340 3120 
RUBBER: с „у сов хи» з» 46 1040 27 
Sandstone .,...:..... —= 3700-4900) - 
9150: сла а icine seem = 5870 2800 
Steel, carbon ......... 5050 6100 3300 
po og Ga eee Bae aN 2730 3320 1670 
WG 2 eee а ES 3810 “A170 2410 
ee 

Note. vj. ,—velocity of longitudinal waves in rods 


т —velocity of longitudinal waves in infinite medium 
?,—velocity of transverse (shear) waves in infinite 
medium. 
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Table 64 
Properties of Earth at Various Depths H 
and Velocity of Seismic Waves 
H, p, v Dy P, 5, 
km |103 kg/m3 | {рзд | 103 уз |t011 N/m*| m/s2 
33 3.32 8.18 4.63 0.009 9.85 
100 3.38 8.18 4.63 0.034 9.89 
200 3.47 8.29 4.63 0.065 9.92 
500 3.89 9.65 5.31 0.174 9.99 
1000 4.68 11.42 6.36 0.392 9.95 
2000 5.24 12.79 6.93 0.88 9.86 
4000 10.8 9.51 -= 2.40 8.00 
5000 11.5 10.44 – 3.18 6.13 


Note. Mechanical waves propagating in the Earth's crust 
are called seismic waves, 


Seismic waves can be longitudinal vı (compressional) and 
transverse т (Shear); the density p, pressure p, and acceleration 
of gravity g are also indicated, 


Table 65 
Velocity of Sound in Gases 
(at pressure of 1 atm) 


Gas °С v, m/s |а, m/s:K 

AIT раа вов 0 331 0.59 
Ammonia 0 415 — 
Benzene (vapour) ....... 97 202 0.3 
Carbon dioxide... ..... 0 259 0.4 
Ethyl alcohol ......... 97 269 0.4 
CHURN Mer. ное у 0 965 0.8 
HYdroRen i озал рь 0 1284 2.2 
Methyl alcohol ......;. 97 335 0.46 

OTE ыа s ete 0 435 0.8 
ПОВ ео ны хе, 0 334 0.6. 

POMBE Is $ et ee coe: о оза дса 0 316 0.56 
Water vapour... 2 21)! 134 494 = 


Notes, 1, The velocity of sound in gases at constant pressure 
increases with the temperature. The temperature coefficient of 
the velocity œ is therefore given in the table, so that the veloc- 
ity can be computed for other temperatures (see note to Table 62). 

2. At high frequencies (or low pressures) the velocity of 
sound depends on the frequency. The values given in the table are 
for frequencies and pressures at which the velocity is practically 
independent of the frequency. 
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376 ] 770027 
H 
са 
N 
N 
N 
Hi 
А ERI L 
ig. 30. Pressure dependence of 
sound velocity in air fan nitrogen. Li | 
The curves relate to 20°C and the > 
frequency range from 200 to 500 kHz в 


0 Jo й 9 
Pressure, atm 
Table 66 


Seale of Mechanical Waves 


Fre 

quency, я 

Hz Name Emitter | Application 
0.5-20 Infrasound Vibrations of | Weather fore- 


water in large casting, diag- 


reservoirs, nostics of heart 
heartbeats ailments 
20-2104 Audible Voices of human | Communications 
sound beings and ani- and signalling, 
mals, musical 1neasurement of 
instruments, distances (sound 
whistles, sirens, | ranging) 
apudepenkens 
etc. 


Magnetostric- Hydrolocation, 
tive and piezo- cleaning of 
electric oscilla- | parts, flaw de- 
tors, Galton tection in parts 
whistle; also and structural 
emitted by some | members, accel- 
animals and in- | eration of che- 
sects (bats, cri- mical reactions, 
ckets, locusts, medical and bio-| 
etc.) logical research, 
molecular phys- 
ics 
Thermal vibra- | Scientific re- 
tions of mole- | search 
cules 


2x104-1010 | Ultrasound 


1011 and 
abone Hypersound 
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Velocity of Waves on the Surface of Water 


At small wavelengths (less than 2 cm) the decisive factor 
is the surface tension; such waves are called capillary waves. 

At greater wavelengths the decisive factor is gravity, 
and the waves are called heavy, or gravity wares. 


50 

* uu 

3 

E 

S20 

3 Fig. 31. Dispersion of sur- 
007 2.0 4 S FK B face waves (h > 0.54) 


Wavelenyth, cm 


The velocity of surface waves depends on the wavelength 
[Fig. 31 and Eq. (3.20)] if the depth of the liquid is suf- 
ficiently great (k > 0.54). А 


Loudness of Audibly Perceived Sounds 


Figure 32 gives curves of the intensity of sounds of equal 
loudness. The upper curve corresponds to the threshold of 


di yr Loudness 
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Fig. 32. Loudness levels 
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pain, the lower to the threshold of audibility. The frequen- 
cies are plotted using a logarithmic scale. 


Displacement and Acceleration 
of Water Particles 
upon Passage of Sound Waves 
of Various Intensities 


Figures 33 and 34 give the amplitudes of the displacement 
and acceleration computed by formulas (3.22) and (3.23). 
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Fig. 33. Displacement of water Fig. 34. Acceleration of water 
particles in propagation of sound particles in propagation of sound 
waves waves 


The calculations have been performed for pv = 1.5 X 
X 105 g/cm?.s. Logarithmic scales are used on both axes, 
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Table 67 


Reflection Coefficient of Sound Waves for Various Interfaces 
(at normal incidence, 96) 


© 
& 
à 5 
Е Ё 
Material os > 5 
js als ajs 
в 2 
< |51512 | 5 |а |6 | # 
o|18| 2| 1|24 [21 |174 [12 
0| 19 | 13 | 0.8| 0.3] вв |87 
0| ajaa |31 |67[65 
ole fic | 76 [75 
о | 0.2] 90 [89 
0 | 89 [88 
0| 0.6 
0 


Notes. 1. The reflection coefficient is the ratio of the іпісп- 
sities of the reflected and incident sound waves. The reflection 
coefficient is the same for sound passing from mercury into 
stecl and vice versa, 

2. Upon reflection from a plate the reflection coefficient de- 
penos on the ratio of the thickness of the plate to the wave- 
length. 


Table 68 
Absorption Coefficient of Sound in Air 
(a, 10-4 cm-t at 20 °C) 

" air 5 

Frequency, Relative humidity of air, % 
kHz о | 20 | 40 | 60 | so 
1 0.13 0.06 0.03 0.03 0.03 
2 0.47 0.23 0.10 0.09 0.08 
4 1.27 0.82 0.38 0.24 0.20 
6 1.87 1.61 0.84 0.54 0.39 
8 2.26 2.48 1.45 0.96 0.69 
10 2.53 3.28 2.20 1.47 1.08 


Note. The values in the table relate to pressures close {0 
standard. 


mu ——————————— eni 
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Table 69 


Sound Absorption of Selected Materials 
Frequency, Hz 


_  ——— 
Material 

125 | 250 | 500 | 1000 | 2000 | 4000 
Brick wall. ....--- 0 .0490.07 
Cotton material... .. 0 .24 10.35 
Glass, sheet К e А 302 | = 
Glass wool (9 cm thick) |0. .65 |0.60 
Hair felt (25 mm thick) |0. :82 |0.85 
ео 66 203 кж) s ae RON 0. .015| — 
Plaster, gypsum я IG .04 10.05 
Ditto, lime .... i3 0 :043|0.058 
Rug with nap»... +> 0 127 10.37 
Wooden planking .... |0 .08210.11 


Note. The absorption coefficient of sound (upon reflection) is 
the ratio of the energy absorbed to the energy incident on the 


reflecting surface. 
Table 70 


Absorption of Sound in Selected Liquids 


t Range us Ded 
Liquid C quencies f, 
аш °С MHz 10-17 s?/cm 
Acetone .... nnn 25 4-20 50 
Benzene .......... 20 1-200 850-900 
Castor oll ......... 18.5 3 11 000 
Ethyl ether .....-.- 25 10 140 
Glycerine ......... 26 4-20 1700 
Кегозепе.......... 25 6-20 110 
Mercury 5... 20 | 0.5-1000 5.5 
Nitrogen. 2... s —199 44.5 11 
Petro BUE коня 2 25 10 = 100 
ur neji 5 
репііле.... . 20 19200 25 


Water... pew + 


he table relate to a pressure of from 1 


Note, Th es in t : 
poem ures thezabsorption does not practically 


to 20 atm. At these press 
depend on the pressure. 


Table 71 
es in Sea Water (at 15-20 °С) 
оо | 230 | 480 | 940 


| 2.00 | 2.90 


о, 10-4 cm1 [0.023 | 0.050 | 0.37 | 0.69 | 1-25 
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CHAPTER IV 


ELECTRICITY 


A. THE ELECTROSTATIC FIELD 


FUNDAMENTAL CONCEPTS AND LAWS 


Two kinds of electric charge exist—positive and negative. 
Charges generated on glass rubbed with silk are called posi- 
tive, and charges generated on ebonite rubhed with fur are 
called negative. 


Like charges repel each other, and unlike charges attract 
each other. 

Electrons are the carriers of negative charges in an atom, 
and protons forming part of an atomic nucleus (see p. 227) 
are carriers of positive charges. The sum of the positive 
and negative charges in an atom equals zero; the charges 
are distributed so that the atom as a whole is neutral. 

The process of electrization consists in the non-uniform 
distribution of the negative and positive charges between 
bodies (for example, upon electrization by friction or in 
a galvanic cell, see p. 142) or between different parts of the 
ee (for example, in electromagnetic induction, 560 
р. ` TM 

Electric charges are not created and do not vanish; 
they can travel from one body to another or move inside 
a body or molecules of atoms (the law of conservation of 
electric charges). 

Charges in various media can be carried by electrons 
detached from their atoms (for example, in metals), bY 
ions—parts of molecules or atoms having positive or nega- 
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tive charges (for example, in electrolytes and gases), and 
molions—colloidal particles in a liquid having charges. 

The magnitude of any charge is a multiple (in absolute 
value) of the charge of an electron. The charge of the latter 
has the smallest value; this smallest portion of charge is 
called an elementary charge. The charge of a proton equals 
that of an electron in absolute value. { 

Interaction of charges. Electric field. The law of inter- 
action of point charges (Coulomb's law) is written as fol- 
ows: 

in the CGSE system 


р= 142. (4.4) 
Ear 
in the SI system 
‚_ _ 91492 (4.2) 
^ 4Amn£ar? 


where Р is the force of interaction, 4: and g,—the magni- 
tudes of the charges, ва —ће absolute permittivity of the 
medium, and r—the distance between the point charges. 

The numerical value of eg can be expressed in relativo 
units (relative to the absclute value ef the permittivity 
of a vacuum ву). 


The quantity = = $a is called the relative permittivity; 
E 


i 0 е е 
it shows how many times the interaction between n 
in an infinite homogeneous medium is less than in a vacuum; 


е = Ëa is often called simply the permittivity (or dielectric 
£0 


constant). ; its dimension 
The numerical value of the quantity £o En in of е does 
depend on what system of unis Sim the value of = 
not depend on the system of units. T 
In the CGSE a vata вв = 1 (this quantity 18 the fourth 
fundamental unit); in the SI system 


1 Матай  gggy40-2 гла (43) 
^ 4nx9x109 metre 


(in this system в, is a derived quantity). | 
In the VOSE system the unit of charge is the charge which 
acts in a vacuum on an equal charge at a distance о cm 


£o 
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from it with a force of 1 dyne. In the SI system the unit 
of charge is the coulomb (C): 


1С = 2.997 93 X 109 CGSE units = 3 x 109? CGSE units 


The elementary charge e = 4.8 x 10-10 CGSE units. | 
If the action of forces on stationary electric charges is 
detected in a space, an elecíric field is said to exist in it. 
Electrically charged bodies are always surrounded by 
an electric field. "The field of fixed charges is called elec- 
trostatic. The intensity of an electric field at a given point 
is numerically equal to the force acting on a unit positive 

charge placed at this point: 
Ez. (4.4) 

q 

Intensity is a vector quantity. The direction of the inten- 
sity vector coincides with that of the force acting on the 
positive charge. The intensities of the fields of two and 
more different electric charges are added according to the 
rule of the parallelogram, i.e. vectorially (see Introduction). 
All the following formulas are given in the CGSE and 


SI systems. Р 
The intensity of the electric field of а point charge i$ 
ыа. ый 4.5 

er2 ' E 4meger2 pu 


where r is the distance from the point at which the inten- 
sity is being determined to the point where the charge q 
is. 

The intensity of the electric field of a uniformly charged 

plane is 
210 о 
= = 6 
A в" А 2eg& 0 


where с is the charge per unit of surface area. 


The intensity of the electric field of a uniformly charged 
sphere is 


к= — ИВ 47 
B gr2 " Ec 4ngger? em 


where r is the distance from the point at which the inten- 
sity is being determined to the centre of the sphere. 
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The intensity of the electric field of a charged cylinder is 


q G 
E=— =———— 
er’ Qneger 


, 


(4.8) 


where 4’ is the charge p unit length of the cylinder, and 
r—the distance from the point at which the intensity is 
being determined to the axis of the cylinder. 

The vector quantity 


D = ggE 


is called the induction of an electric field. 

.A line, a tangent to which at each point coincides in 

direction with the intensity vector, is called a line of force 
of an electric field. The arrangement of the lines o. force 
in electric fields having various structures is shown in 
Figs, 35-37. 
. Work and voltage. When a charge is displaced under the 
influence of an electric field, work is performed. The work 
in an electrostatic field does not depend on the shape of 
the path along which the charge moves. 

‚ А charge placed at any point of an electric field has poten- 
tial energy. b 

The scalar quantity numerically equal to the potential 
energy of a unit positive charge placed'at a pm is called 
the potential at this point. The magnitude of the potential 
depends on the selection of the point having a zero poten- 
tial; the point with a zero potential can be chosen arbitra- 
rily. It is usually hein] in physics that the potential 
equals zero at an infinitely remote point. In electrical engi- 
heering it is assumed that the surface of the Earth has 
à potential equal to zero. : 

'The potential difference between two points of an elec- 
tric field is called the voltage (U). The voltage numerically 
equals the work done by electrical forces when a unit posi- 
tive charge is moved between two points. 5 

The work of displacement of а charge іп an electrostatic 


field i 
d ET (4.9) 


. Voltage in the SI system is measured in volts (V). 4 volt 
is the potential difference between two points when work 
equal to 1 joule is needed to move 4 coulomb of positive 


charge between them. 
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A 


VEN 


КЕЛ 


(а) 


Fig. 36. Lines of force of: 


а) field of two unlike point charges; (b) field of two like point charges 


Fig. 37. Electric field of a Parallel-plate capacitor 
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‚ A surface all of whose points have an identical potential 
is called an equipotential surface. In Figs. 35-37 the equipo- 
tential surfaces are shown by dash Tines: 

The lines of force of an electrostatic field are perpendicu- 
lar to the equipotential surfaces. No work is done by the 
electric forces in moving a charge from one point to another 
along an equipotential surface. Let A and B be two points 
of the field; then the following approximate relation exists 
between the intensity of the field at the point A and the 
potential difference between these points:* 


AU 

Ед= – г (4.10) 
Where AU is the potential difference between the close- 
lying points A and B, and Al—the distance along the line 
of force between the equipotential surfaces passing through 
these points. 


The quantity — rd is called the potential gradient. 


. If the electric field is homogeneous, i.e. if the intensity 
13 constant in magnitude and direction at all points of 
the field (for example, in a parallel-plate capacitor), then 


u (4.11) 


1 


where Z is the length of the line of force. | 
In the SI system the intensity is expressed in volt/metre 
(V/m). 1 V/m is equal to the on | of a homogeneous 
field in which the potential difference between the ends of 
а line of force 1 m long is equal to 1 V. | 
Capacitance. Two conductors with an electric field be- 
tween them whose lines of force emanate from one conductor 
ànd terminate on the other form a capacitor; the conductors 
themselves are called the capacitor plates. } 
In a simple capacitor the two plates carry opposite charges 


of equal itude. 
е mS D a capacitor is the ratio of the charge 


The itance of 
9n one “of the "Dates to the potential difference between the 
Plates, i.e. 
zd (4.12 
с=т ) 
Ber qe AU dU 


* qi is E= = ош. 
ie exact formula is Ab 0 А а 
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The SI unit of capacitance is the farad (F). 1 farad is 
equal to the capacitance of a capacitor the potential dif- 
ference between whose plates is equal to 1 V when the charge 
(on one of the plates) is 1 C. 

According to the shape of the conducting surfaces capac- 
itors are called parallel-plate, cylindrical, and spherical. 

The capacitance of a parallel-plate capacitor is 

EN] _ 2025 4.13 

б= And ' d (iis) 

where S is the surface area of one plate (the smaller one 

if they are unequal), d—the distance between the plates, 

and e—the dielectric constant of the material between the 
plates. 


The capacitance of a cylindrical capacitor and of a co- 
axial cable is 


с=— >, с= 219081 (4.14) 
21n— jd 
а а 


where b is the radius of the outer cylinder, a—tho radius of 
the inner cylinder, and !—the length of the capacitor. 
The capacitance of a spherical capacitor is 


e Aree 45 
арче 1 ж 
a Lb a b 


where a and b are the radii of the inner and outer spheres. 
The capacitance of a two-wire line is 


c= -: : ш (4.16) 


where d is the distance between the axes of the parallel 
wires, a—their radius, and J—their length. 


Hi capacitors of separate capacitances Cis Coe Oy.» a ur Cn 

are connected in parallel, the capacitance of the whole sys- 
em is 

Cpar=Ci+Co+C3+...4+Cn шыт) 


for а system of capacitors connected in series the capacitance 
is 
1 


1 1 1 1 
awe RM a d A 4.18) 
Cser a e'o e te ( 
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The energy stored in a charged capacitor is given by the 
formula 


=4 CU? (4.19) 


The space in which an electric field exists contains stored 
energy. The energy in unit volume of a homogeneous field 
(energy density) can be computed by the formula 


ЕЕ? " Ed 
8л T 2 


where E is the field intensity.* 

Conductors and insulators in an electrie field. When 
à conductor is placed in an electric field, charges of unlike 
Sign are induced in it. These charges are distributed over 
the surface of the conductor in 
such a manner that the intensity 
of the electrostatic field inside the 
conductor is zero, and the surface 
of the conductor is an equipotential 
surface. i ) " 

Insulators (dielectrics), when v tu do 
placed in an electric eld p BIB. (85.510010, CRON, 
polarized, i.e. the charges of the Е 
molecules are displaced so that their electric field — 
the field of two unlike point charges of equal magnitude 
(see Fig. 36a). 

In poe a a system of charges whose external field re- 
sembles the field of two unlike point pe о? equal mag- 
nitude is called an electric dipole (Fig. AA. 

The dipole is characterized by a vector quantity called 
the electric dipole moment (pi) 


p; — 4 
where Z is the distance between the charges. 


. .* For an arbitrary field the concept *energy density at a poin 
15 introduced: 


we= toe E? (4.20) 


(4.21) 


t? 


li AW 
ue Aveo AV 
i latter 
He уі concentrated in the volume AV when the 
"contracts" hu If E is the intensity at this point, then for- 
mula (4.20) is also valid for an arbitrary field. 


9-0525 
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The direction of the vector р; is taken from —q to +49. 
The magnitude of the total polarization of a dielectric 

is assessed by the polarization vector, equal to the vector 

sum of all the electric dipole moments in a unit volume: 


=+ >); p (4.22) 


The polarization and induction vectors are related as 
follows: 


D = E + 4nP (in the CGSE system) 
D = &E + P (in the SI system) 


The molecules of some dielectrics are dipoles even in the 
absence of an electric field. The polarization of such sub- 
stances consists in the alignment of the molecular dipoles 
along the direction of the field. 

Ferroelectrics. Spontaneous polarization was detected 
for the first time in Seignette (Rochelle) salt. Even in the 
absence of an electric field ferroelectrics become divide! 
into small (microscopic) regions that have an electric mo- 
ment. These regions of spontaneous polarization are calle 
domains (see also p. 174). The electric moments of domains 
in the absence of a field are aligned in different directions: 
and hence the electric moment of the entire ferroelectric 
will equal zero. 

In an external.electric field a ferroelectric becomes polar- 
ized as a whole owing to the change in the direction of 
polarization of the domains. After the action of the field 
has stopped, residual polarization remains. 

The permittivity (dielectric constant) & of ferroelectrics 
has great values (sometimes of the order of magnitude 0 
several thousands). It depends very greatly on the inten- 
sity of the electric field. 

At temperatures exceeding a certain value, called the 
Curie point (Тс), thermal motion destroys the domains, 
and the ferroelectric properties vanish. M 

The piezoelectric effect. Upon the mechanical deformation 
of some crystals along given directions electric charges 0 
opposite signs appear on their faces, while inside the crys: 
tals an electric field arises. A change in the direction of 
the deformation causes a change in the signs of the charges 
This phenomenon is called the piezoelectric effect. The piezo- 
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electric effect is reversible, i.e. when a crystal is placed 
in an electric field, its linear dimensions change. The inverse 
piezoelectric effect is used to generate ultrasonic frequen- 
cies. The magnitude of the chargé which arises in the piezo- 
electric effect is given by the relation 


q—dyFx 


where Ру, is the force causing deformation, and d,,;—a con- 
stant for the given crystal called the piezoelectric modulus 
(see Table 77). 


TABLES AND GRAPHS 
Table 72 


Electric Field in the Earth’s Atmosphere 


Altitude, km 0.5 


Intensity, V/m . .| 130 50 20 10 2.5 


Notes. 1. The charge of a thundercloud equals from 10 to 


20 C (it may sometimes reach 300 C). 
2. The mean surface density of the Earth's charge is 1.15 х 
x10- C/m?. The total charge of the Earth is 5.7х105 C. 


Fielu intensity, kV/cm 
(for barium titanate) 
10. 20 30 1400 


2 remm. 
ЫЛЕ: ЖЕ ИГИ ЛЕЛЕ Field intensity, kV/cm 
Temperatre,*¢ (for Seignette salt ) 


Fig. 39. ture depend- Fig. 40. Dependence of dielectric 
ence of diclebtric “gonstant of Eonstant of barium titanate (scale 
unsecured Seignette salt plate. at right) and Seignette salt (scale 
e two curves correspond to at left) on the „еа intensity 

two different field intensities (at. 20° C) 
9* 


| | Table ?3 
Electrical Insulating Materials 


UO IEE а. = 
Bs d, р, 
Material e | кушп g/cm3 Q.cm 
.9 20-30 ]1.06-1.11 1x1018 
А E = 2 2.3.2.6 | 2x105 
Bakelite (phenolic 
ЖИНИ). rude жа ete 4-4.6 10-40 EA 2x1010- 
Веезуах...... 2.8 20-35 0.9 2x 1015 
Birch гу... . 3-4 40-60 0.7 = 
unn Tm 2.6-3.3 pe sla дет " == 
Carbolite (P) ... — -14. .2-1. n 
Celluloid... 3-4 30 — 2x 1088 
Ebonite (RP) ... 4-4.5 25 1.3 1x10 
Eskapon (р)... . .7-3 36 — е" 
Fibreboard, dry . . -8 2-6 1.1-1.94 $x107, 
Fluoroplastic-3 . . -2.7 v 2.44 |1.2x10 
ӨК em inated Qus TE 
nsulation; ж А 10- =. 
glansi на 10 20-30 |2. 1012-1014 
Gutta percha 15 2109 
Матје та: 10 6-10 1x101 
Mica, muscovite 8 50-200 | 2. = 
Ditto, phlogopite 5.5 | 60-125 | 2: 1013-1017 
Раб. о. 2.3 | 20-30 |0. 3х101 
Plexiglas ..... 3.6 18.5 = 
Polystyrene 2.8 | 25-50 |t. 5x 1015- 
5x 1017 
Polyvinyl chloride | 3.1-3.5 50 ын 
Porcelain, electrical| 6.5 20 3x1014 
Pressboard .... 3-4 9-12 1x109 
Radioporcelain (C) 6.0 15-20 Е 
ОШ” „си „к 3.5 — 5x1010 
Rubber, soft .6-3 15-25 1. 4x1013 
Shellac ... 3 50 1x1016 
Silk, natural 4 — — 
‚1 ока 6 5-14 2. 108 
Textolite ..... 2-8 1. - 
Ticond (C)..... 5 15-20 3. — 
Ultraporcelain (C) | 6.3 15-30 |9. 3x1014 
Vinyl plastic (P) D 15 Ба = 


Notes. 1. = = permittivity (dielectric constant) 


Epun puncture intensity 
d — density 
p — resistivity (see p. 137). 

2. The puncture intensity is the maximum permissible value 
of the intensity; at higher values the dielectric is punctured. 

3..The letters in parentheses stand for: P—plastic, C—ce- 
ramic, and RP—rubber plastic. 

4. The values of the dielectric constant relate to temperatures 
from 18 to 20°C. Its values for solids vary slightly with the 
temperature, except for ferroelectrics (see Fig. 39). 


А А Table 74 
Dielectric Constants (Permittivities) of Selected Pure Liquids 


Temperature, °С 


Substance 
0 | 10 | 20 | 25 | зо | 40 | 50 
Acetone ..... 23.3 |22.5 |21.4 |20.9 |20.5 |19.5 |18.7 
Benzene ..... — | 2.30] 2.29] 2.27| 2.26) 2.25| 2.22 
Carbon tetrachlo- 

Ч 2x3 = == 2.24| 2.23] — 2.20| 2.18 
Ethyl alcohol 21.88|26.41|25.00|24.25|23.52|22.16|20.87 
Ethyl ether 4.80| 4.58| 4.38| 4.27) 4.15| — — 
Glycerine .... 56.2 E 
Kerosene ..... — — 2.0 — — — — 
Ма cota «ie 87.83]83.86[|80.0878.25|76.47/|73.02169. 73 

Note. Small quantities of impurities have à negligible effect 
on the value of the dielectric constant. 
Table 75 

Dielectric Constants (Permittivities) of Selected Gases 

(at 18°C and Standard Pressure) 
Substance | e | Substance | e 
BER ni oe 1 BG .00059 Nitrogen ..... 1.00061 
Carbon dioxide 00097 Oxygen ...... 1.00055 
Helium... К 0007 | Water vapour ..| 1.0078 
Hydrogen ..... 00026 


ants of gases decrease with an in- 


Мое, The dielectric const 1 5 
d increase with an increase in the 


Crease in the temperature, an 


pressure. 
Table 76 
Piezoelectric Moduli of Selected Crystals 
dij, 1078 dij, 10-8 
Crystal (in CGSE Crystal (in CGSE 
units) units) 
Ammonium phos- Quartz .....- 6.9 
Ива can E 148 Seignette sall...| 7000 
Barium titanate ce- Tourmaline .... 5.78 
TAMIG saw ayse 750 Zinc blende . . . . 9.8 


Potassium phosphate 10 


Notes. 1. The moduli for some crystals vary depending on 
the direction of deformation; the greatest values are given in 


these cases. 

2. To convert the value of a module from CGSE to SI units, 
multiply the ngure in the table by 3x104. The module will 
then be'expressed in C/N. 
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Table 77 


Properties of Ferroelectric Crystals 


я Тс. К Ps e 
Crystal C (CGSE) 
ЖЕ a — d. I d oes 
NaK(C4H406)- 4H2O Seignette 
FD 297-255 800 | ~ 9000 
МаК(С4Н20206) -4D20 308-249 = т 
LiNH4(C4H406)- H20 106 630 = 
KHe2PO4 (potassium dihyd- 5 
rophosphate) 123 16 000 ~ 10 
KD2PO4 218 18 000 
KH2As04 96.5 E = 
NH4H2PO4 (ammonium di- 7 
hydrophosphate) ~ 398 — 90 
Ват!Оз (barium titanate) 394 48000 | ~ 104 
KNbOs (potassium niobate) 708 78 000 =. 
NaNbO3 913 — = 
LiTiO3 — 70 000 Ld 


Notes. 1. Тс = Curie point 
Pg = spontaneous polarization 


£ — dielectric constant (permittivity). 

2. The properties of some ferroelectrics manifest themselves 
within a definite temperature region. In these cases the upper 
and lower limits of the Curie point are given. m^ 

А x The maximum values of the dielectric constant are indi- 
cated. 

4. To convert the values of the spontaneous polarization 


from CGSE to SI units, multiply the figures in the table bY 
3.3Xx10-12, 
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B. DIRECT ELECTRIC CURRENT 
FUNDAMENTAL CONCEPTS AND LAWS 


1. Current in Metals 


The ordered motion of charge carriers constitutes an 
electric current. In metals the charge carriers are electrons— 
negatively charged particles whose charge is equal to the 
elementary charge. The direction of the current is arbitra- 
rily defined as the direction opposite to that in which the 
negative charges move. 

If a charge Ла passes through a cross section of a conduc- 
tor in a time from tto t + At, then the current at the instant ¢ 
(or the instantaneous current) is the limit 


" : Aq 
i=lim => (4.23) 
at+o At 


In direct current the same quantities of electricity (charges) 
pass through a cross section of a conductor in any equal 


intervals of time. È 
The unit of current in the SI system is the ampere (A). 


The definition of the ampere is given on p. 165. With a cur- 
rent of 1 A a charge of 1 C passes through the cross section 
of a conductor in 1 s. : 
The current passing through a unit cross-sectional area 
of a conductor is called the current density (7). | 
The unit of current density is the A/cm’, i.e. а density 
at which a current of 1 A flows through an area of 1 cm? 
perpendicular to the direction of motion of the charges. 
The current density is 
j = nev 


(4.24) 


harge carriers in unit volume, 


where n is the number of c ) 
апі v—the mean velocity of 


e—the charge of a carrier, 


their ordered motion. Е 
"he mobility of electrons (и) numerically equals the mean 
velocity of their ordered motion (drift) acquired in a field 


having an intensity of 1 V/em, i.e. 


и= 


ts 
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Hence " 
j = neuE = oE (4.25) 


where Æ is the intensity of the electric field inside a conduc- 
tor, and o—its conductivity (see below): 


С = neu (4.26) 


Conductors in which the current is due to the motion 
of free electrons are called electronic. Metals are among 
these conductors. Е 

If carriers of charges of different signs and magnitudes 
are present, the total current density will equal the sum 
of densities, each of which has been calculated for charges 
of a definite sign and magnitude: 


i= 2) теш (4.27) 
Н 


The current їз a scalar quantity, and the current density— 
а vector quantity. 

To obtain a current in a conductor, a difference of poten- 
tials must be maintained on its ends. Devices making it 
possible to maintain a potential difference are called current 
sources (or generators). The terminals of the source by means 
of which it is connected to a consumer are called poles: 
The pole with the higher potential is called positive, ап 
the other pole negative. 

In current sources different kinds of energy not related 
to an electric field are converted into electric energy. A p0- 
tential difference is maintained on the poles of an open 
source of current at the expense of the work of forces which 
in their nature differ from electric forces. Such forces are 
called non-electromagnetic, or extraneous. Extraneous forces 
acting inside a source carry the charges opposite to the 
direction of action of the electric forces; the latter transfer 
the charges inside the source from the positive pole to the 
negative one, and the extraneous forces transfer them from 
the negative pole to the Positive one. 

By the electromotive force (e.m.f.) of a source is meant 
a quantity numerically equal to the work of the extraneous 
forces in transferring a unit positive charge. The c.m-J- 


of a source is numerically equal to the potential difference 
Across the ends of an open source. 
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The e.m.f. is measured in the same units as the voltage 
(for example in volts). 

An e.m.f. appears upon the diffusion of ions in electro- 
lytes (see p. 142), in electromagnetic induction (see p. 169), 
when semiconductor photocells are illu- E 
minated by light (see p. 210), etc. 

An electric circuit consists of a current = 
Source, connecting wires, and  instru- li 
ments (or other devices) in which 
the current performs work (see Fig. 41). 

In the long run the work in a circuit 
is performed at the expense of the e.m.f. 
of the source. Fig. 41. Schematic 

Ohm's law for a section of a circuit in view arum ciego 
which по eztraneous forces act is as E 
follows: the current in a conductor is 
proportional to the voltage across its ends, i.e. 

U (4.28) 


і=—— 


R 


The quantity + in this relationship is a proportionality 


factor and is called the conductance. The quantity R is 
called the resistance. 

The unit of resistance in the SI system is the ohm (9). 
1 ohm is the resistance of a conductor in which a voltage 
i 1 V across its ends causes a current of 1 A to flow through 
The resistance of a conductor (of constant cross section) is 


REB T (4.29) 


—the resistance of a conductor 
s-sectional area, /—the length 
tional area. 


where p is the resistivity 
of unit length and unit cros: 
of the conductor, and S—its cross-sec 


о= ES is called the conductivity. 


I system is the ohm-m. 
ressed in m, the cross- 
essed in ohm -mm?/m 


The quantity 


The unit of resistivity in the S 
In electrical enginecring / is exp 
sectional area $—in пт; hence p is expr 


4 ohm-mm2/m = 10-9 ohm-m 
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The resistivity of most metals increases with the tempera- 
ture. 

The dependence of the resistivity on the temperature can 
be represented approximately by the relation 


0; = po (1 + ол) (4.30) 


where p, is the resistivity at the temperature t, po—the 
resistivity at 0 °С, and a—the temperature coefficient of 
resistivity; this coefficient is numerically equal to the ratio 
of the change in resistivity caused by heating the conductor 
by 1K to the initial resistivity. The resistivity of some 
metals at very low temperatures drops suddenly and becomes 
practically zero. This phenomenon is called superconductivity. 
When resistors are connected in series the total resistance 
В сег is S to the sum of the separate resistances Ri, Аз, 
3) Аи: 


ser В, Ro В+... В, (4.31) 
For resistors connected in parallel: 
к, д 1 1 1 4.32) 
Tar HQ Rpt Ry to tee | 


Ohm's law for а Section of a circuit in which an e.m.f. acts: 
for a section of a circuit containing an e.m.f. the following 


relation holds: 

LU (4.33) 
R 

where А is the resistance of the section, U—the voltage 

across the section, and $—the e.m.f. 

It should be borne in mind that both '£ and U may be 
positive or negative, The e.m.f. is considered positive ! 
it increases the potential in the direction of current flow 
(the current flows from the negative to the positive termina, 
of the source); the voltage is considered positive if the curren 
inside the source flows in the direction of decreasing potentia 
(from the positive to the negative terminal). For example. 
in charging an accumulator (Fig. 42) the charging curren 

i U — «асс 
ich TE 
" 5 Race 
where U is the voltage across the terminals of the source 1n 
charging, 6a¢c—the e,m.f. of the accumulator being charge: 
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and Racc—the resistance of the accumulator (the resistance 
of the connecting wires is disregarded). b 
For the section of the circuit ADB we have in the same 


case 


Source 
[3 B: і "mom 
; “source 
ei и | HH 
А 4 Y 8 
where source is the e.m.f. of the source 
and r—its internal resistance. 
For a closed unbranched circuit Eq. H 
gl 
c 


(4.33) becomes (in this case U — 0) 
. Ассиеща ог 


$ 
ТЕ—— 4.34 Fig. 42. Charging 
R-+-r ( ) of an accumulator 


where R is the external resistance of the circuit. 
Work of an electric current. The work performed by a 
direct current in a section of a circuit is 


A — iUt (4.35) 


where # is the duration of flow of the current, U—the voltage 
across the section, and i—the current. 

. The work of a current connected with a change in the 
internal energy of a conductor (the liberation of heat) in 
the absence of an e.m.f. across the section is 


02 
= 4.36 
А R t ( ) 


The work connected with a change in the internal energy 
(regardless of whether or not there is an e.m.f. across the 
Section) is 

; А = РАТ (4.37) 

The unit of work (and also energy) in the SI system is the 


joule (J). 1 J is the work performed by a direct current of 1 A 
edi | s оп a section across which the voltage is 1 V. The 


unit kilowatt-hour (kW-h) is also used: 
1 kW-h = 3.6 X 105 J 
Kirehhoff’s laws. The calculation of currents, voltages, 
and e.m.f.'s in a branched circuit is performed on the basis 
of Kirchhoft's laws. 
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i i i f 
First law: the algebraic sum of the currents in sections 0 
a circuit Жен at any junction (branch point) equals 
zero. For example (Fig. 43) 
i + i +i; й = 0 
Second law: for any closed loop 
taken in a branched circuit the algeb- 
raic sum of the products of the cur- 
rents and the respective resistances 
Fig. 43. Currentjunc- equals the algebraic sum of all 
' 7 tion e.m.f.’s in the loop. «M 
In summation, the currents whos 
directions coincide with the ео 
of reference around the loop, which is chosen arbitrari Y 
e dd es to be positive. aay. are considered posit! 
if they increase the potential in 
the тес of ое (i.e. this Direction of referent 
direction coincides with the pass- 
ing from the negative to the posi- 
tive pole). For example (Fig. 44) 


W 
Ех N És 
; А uj 
AR, + GR, — isRy = 81 + €,—$, iy" А 
Pu Z ар © 
When identical sources are con- = 5 
nected in series, we have в 7 


i - . 44, Loop taken from 
б R) = nig (4.38) и, “branched circuit 


i 


Where n is the number of sources, 1 
r—the internal resistance of one source, R—the externa 
resistance, and  —the e.m.f. of one source, 

When n identical sources are connected in parallel, we have 


(в) = (4.39) 


2. Current in Electrolytes 


Electrolytic conductors, or electrolytes, include solutions of 
acids, bases and salts in water or other solvents. Molten salts 
also conduct electricity. The charges in electrolytes are 


carried by ions—positively or negatively charged parts 0 
molecules. 


An electric field is created in an electrolyte between cur- 
rent-conducting plates immersed in it. These plates are calle 
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electrodes. The electrodes are connected to the poles of thé 
e.m.f. source. The electrode connected to the positive pole 
is called an anode, and that connected to the negative pole 
a cathode. 

The positive ions moving іп ће electric field towards the 
cathode are called cations; the negative ions moving towards 
the anode are called anions. 

The current density created by ions of both signs is 


j = nyevy + nev_ (4.40) 


where n4. and vy are the concentration and the drift velocity 
of the cations, respectively, e—the charge of an ion, and 
п_ and v_ —the concentration and drift velocity of the anions, 
respectively. j 

The mobility of ions is numerically equal to the mean drift 
velocity which an ion acquires in a field having the intensity 
1 V/cm. The current density expressed through the ion 
mobilities и and ш. is 

ў = (neus + п-и) eE (4.41) 

where E is the intensity of the electric field. 

Ohm's law holds for electrolytes. > 

When a current flows through electrolytes (or molten saits), 
their chemical composition changes, and various products 
are deposited on or liberated at the electrodes. This phenom- 
enon is called electrolysis. | 

Faraday's first law. The mass of a substance liberated at 
(deposited on) an electrode in electrolysis is proportional to 
the quantity of electricity Q passing through the electrolyte: 


m= КО (4.42) 
The proportionality factor К numerically equal to the mass 


of a given substance liberated when a unit quantity of 
electricity passes is called the electrochemical equivalent of 


this substance. н к 
Faraday's second law. The electrochemical equivalent of 
s chemical equivalent: 


à given substance is proportional to it 
A 

f= C= 4.43 

К=б-; (4.43) 


where 4 is the chemical equivalent equal to the ratio of the 


atomic weight of an element to its valence. The constant C 
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has the same value for all substances. The dimension of the 
chemical equivalent is g/g-equiv. - 
The Faraday constant. The same quantity of electricity 
approximately equal to 96 500 C (the Faraday constant) 18 
needed to liberate in electrolysis an amount of any substance 


equal to its chemical equivalent 2: 


F = 96 500 C/g-equiv, с=+ g-equiv/C 


Electrochemical cells. A potential difference sets in be- 
tween an electrode immersed in an electrolyte and the solution. 
This difference is called the electrochemical potential of the 
given electrode in the given solution. А 

The values of the electrochemical potentials of metals in 
solutions with a normal concentration of their ions (1.6; 
with a concentration of 1 g-equiv of ions per litre) are calle 
their absolute normal (standard) potentials, In these conditions 
the electrochemical potential depends only on the kind o 
metal. 

When two electrodes are immersed in an electrolyte, a ро- 
tential difference sets in between them equal to the difference 
between the electrochemical potentials of the electrodes. Ал 
electrolyte with two different electrodes immersed in it 18 
called an electrochemical, or galvanic cell (ior instance a сор" 
рег and a zinc plates immersed in a solution of sulphuric 
acid form a so-called Voltaic cell), 

Accumulators are electrochemical cells in which the elec” 
trodes are made of materials which restore their initia 
properties when a current is passed (charging) in the revers? 
direction compared with the current in discharging. 

The quantity of electricity that can be obtained from an 
accumulator under given conditions of operation (tempera- 
ture, discharging current, initial voltage) is called the capaci- 
ty of the accumulator. 


The capacity of an accumulator is expressed in ampere-hour? 


1 A-h = 3600 C 


3. Current in Gases 


The passage of electric current through a gas is due to the 
presence of ions and free electrons. Electrons may become 
detached from neutral gas molecules and some of them таў 
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attach themselves to other neutral molecules and atoms. 
This process is called ionization. The work required to remove 
an electron from a molecule or atom is called the ionization 
potential. 

The ionization potential is expressed in electron-volts 
(eV). 1 eV is equal to the energy acquired by an electron in 
passing through a field with a potential difference of 1 V. 

The current density in gases, as in metals and liquids, is 
determined by the concentration of the charge carriers 
(ions), their mobility, and charge. However, in view of the 
fact that the ion concentration depends on the field intensity 
and varies throughout the volume of gas, Ohm's law does 
not apply, as a rule, to gaseous conductors. : 

Two kinds of conductivity are distinguished in gases: 
induced conductivity, when ionization is caused by agents 
other than an electric field (for example, X-rays, heating. 
etc.); and intrinsic conductivity, when ionization is due to the 


action of an electric field applied between the electrodes. 


An electric current in a vacuum (for example, in thermionic 
ons which escape 


tubes) is due to the motion of electrons or i 
Irom the electrodes placed in the vacuum. 

To remove an electron from a metal, work must be per- 
formed; this is known as the work function. И 

When a metal is heated, it begins to emit electrons. This 
phenomenon is called thermionic emission. An electron can 
escape from the metal if the following condition is fulfilled: 


lae (4.44) 


where m is the mass of an electron, vy—the projection of 
the thermal velocity of the electron onto a normal to the 
surface, and @—the work function. | A 

The maximum value of the thermionic emission current (at 
constant temperature) is called the saturation current. The 
density of the saturation current in thermionic emission is 

jo arme Т (4.45) 

where A’ is a constant, 7—the absolute temperature, k— 
the Boltzmann constant (see p. 78), and e 2 2.72 is the Бех 
of natural logarithms. The quantities A’ and q are olten 
called the emission constants. 

According to theory, A’ should be the same for all Ph 
metals (60.2 A/cm? -K?). Actually, however, it varles wit 
different metals. 


144 Handbook of Elementary Physics 


The so-called ozide cathodes have found wide application 
in practice. These cathodes are prepared by coating a mec 
base with barium oxide or an oxide of some other metal, 
which considerably decreases the work function. У 

A discharge in the form of a spark (breakdown) а 
between cold electrodes in à gas at great field intensities. T | 
voltage needed to cause breakdown depends on the materie 
Shape, and dimensions of the electrodes, on the distans 
between them, and also on the properties and pressure of 

as. К 
е For flat parallel electrodes whose dimensions are compatible 
with the distance between them, the breakdown voltage 


he distance between electrodes at which и: 
Curs at a given voltage is called the spark gap. The lengt! és 
a spark gap allows us to determine the voltage betwee 


4. Semiconductors 
[ Semiconductors are substanc t 
is due to the motion of electrons and whose resistivity à 


th an increase in the temperatus 
uctors depends strongly on 


atom are at discrete energy levels 
(see p. 228); each electron has a quite definite value of its 
energy, which differs from the energy of the other electrons. 


This law is called Pauli's тіпсіріе. 
In isolated atoms of a su 
the same. роп reaction (in 
each atom change slightly in comparison with the energy 


levels of unreacted atoms; the energy levels of reacting atoms 
will differ from one another, 
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Figure 45a shows as an example the energy levels K and L 
a unreacted atoms; upon the reaction of ators each of the 
T iae "decomposes" into n different levels shown in Fig. 45b. 

e difference between the energies of the "decomposed" 
levels is about 40-22 to 40-23 eV. The complex of decomposed 
energy levels forms a band of permitted (allowed) energy 
evels. The bands are separated from one another by inter- 
vals of forbidden energy values; these energy intervals are 


E Conduction band 4 
K Forbidden gap P 
0 ЛЕ Аа Г 
(а) (b) (c) 


Fig. 45. Electron energy levels in semiconductors 


called forbidden bands (or gaps); an electron cannot haveenergy 
levels that are within a forbidden band. 

The electrical conductivity of both metals and semiconduc- 
tors is due only to the valence electrons because the electrons 
of the inner shells are firmly bound to the nucleus. At O K 
the valence electrons occupy the lowest energy levels. АП 
the allowed levels in this nd are occupied. This band is 
called the filled (or valence) band. The second band of allowed 


energy levels d t contain a single electron at 0 K; this 
aepo optic The filled band and the 


band is called a conduction band. The, а 
conduction band are separated by a forbidden gap (Fig. 45c). 

he energy needed for an electron to transfer from the filled 
band to the conduction band is called the width of the for- 
bidden gap (ДЕ). In metals the conduction and valence 
bands overlap; in insulators AZo > 2 eV. . 

The appearance of electrical conductivity is connected 
with the presence of electrons in the conduction band; if 


there are no electrons in this band, there is no conductivity. 
Thermal motion (apart from other action) ensures tran- 
band. The number of 


Sitions of electrons to the conduction ban 
electrons in the conduction band is determined by the expres- 


sion 
— де-АЕо/?АТ (4.46) 


10-0525 
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where 4 is a constant, k—the Boltzmann constant, and 7— 
the absolute temperature. 
The conductivity is 


с zz се SF0/2kT (4.47) 


After an electron has transferred to the conduction band 
vacant levels appear in the valence band. In the presence of 
an external electric field the electrons will migrate in both 
bands. Conductivity due to the motion of electrons in the 
conduction band is called electronic (n-type) conductivity; 
conductivity due to the motion of electrons in the valence 
band is called hole (p-type) conductivity. The motion of an 
electron in a filled zone can be considered as the movement 
of a positive charge in the direction opposite to the motion 0 
tne elegiran, Such a positive charge is conventionally called 
a “hole”. 

Conductivity due to the motion of an identical number of 
electrons and holes, which are formed as a result of migration 
of electrons from the valence band to the conduction band, 
is called intrinsic. Intrinsic conductivity appears as a resu 
of violation of valence bonds. 

‚т the practical application of semiconductors the greatest 
significance is acquired by impurity conductivity, which 18 
determined by impurities of other substances. There are twe 
kinds of impurities—donor and acceptor. Donor impurities 
create additional allowed ener; zy levels near the upper bount- 
ary of the forbidden band; the atoms of donor impurities 
give up their electrons to the conduction band and thus ensure 
impurity electronic conductivity. Acceptor impurities create 
additional levels near the lower boundary of the forbidden 
band; the atoms of acceptor impurities pick up electrons 
from the valence band on their levels and thus ensure impurity 
Ш> conductivity. h 

n germanium, impurities of elem oup V of the 
Periodic Table (for Pri anie QUE ind impu- 
rities of Group III elements (for example, gallium) are аб” 
ceptor. : 

Impurity conductivity is possible when both acceptor and 
donor impurities have been introduced into a semiconductor. 

It should be noted that all semiconductors always hav? 
electrons and holes, but their contribution to the electrica 


conductivity may vary because of different concentrations 07 
mobilities. 
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5. Thermoelectricity 


If a closed circuit is composed of two dissimilar conductors 
and their junctions are kept at different temperatures, a 
current will flow through the circuit. This current will be 
maintained by the e.m.f. appearing at the junctions. The 
e.m.f. appearing in these conditions is called the thermal 
e.m.f., and the phenomenon itself is called the thermoelectric 
effect, or thermoelectricity. 

Within a certain temperature range the magnitude of the 
thermal e.m.f. is approximately proportional to the tem- 
perature difference. In this case 


Sq = a (T4— To) 


The quantity æ is called the differential thermal e.m.f. (or 
the coefficient of the thermal e.m.f.); it is numerically equal 
to the thermal e.m.f. developed per kelvin. 


TABLES AND GRAPHS 


Electric Currents in the Earth's Atmosphere 


The electric field of the Earth's atmosphere (see Table 72) 
causes a stream of ions to appear in the atmosphere, i.e. a 
conduction current directed vertically downward. The density 
of this current does not practically change with the altitude 
and in a region with clear weather is 2-3 X 10-15 Alcm?, 
Currents of the opposite direction appear in regions with 
thunderstorms. 

The current density in the hydrosphere is 10-5 Alcm?, 

The density of the currents due to the motion of charges 
on raindrops, snowflakes, and hail is: 

for light rain— 10-1 to 10-10 A/cm?, 

for thunderstorms and hail—up to 10-8 A/cm*. 

The current in a lightning stroke reaches 500 000 A (the 
Most frequent values range from 20 000 to 40 000 А). 

The voltage т a lightning stroke reaches 109 V; the dis- 
charge lasts about 10-3 s, its length is about 10 km, and the 
thickness of the channel is up to 20 ст. 

10* 
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Table 78 


Resistivity and Temperature Coefficient of Resistivity 
of Metals (at 20 °C). 


Metal ohm. зу а, К-1 
ы нче isse RN 
" 0.028 0.0049 
0.025-0.06 0.002-0.007 
0.027 
0.0175 0.0039 
0.098 0 0062 
0.221 0.0041 
0.958 0.0009 
0.057 0.0033 
0.100 0.0050 
0.08 0.0040 
0.016 0.0036 
0.155 0.0031 
0.115 0.0042 
0.055 0.0045 
0.059 0. 0035 


Note. i i 
samples тае рашев Eiven in the table аге average; for different 


nd оп the degree of purity, thermal treatment, 
The temperature Coefficient of resistivity of pure metals is 


close to 275 = 0.00367 K-1, 


Altitude, km 


8 


Рів. 46. Change in concen- 

tration of electrons in at- 

mosphere with altitude (de- 

termined 3 measuremel’ 

© оп satellites and rock- 

E ets. The dash S dns shows 
assumed values 


0 7x10° 2х) 
Electron concentration, cm-3 
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Table 79 


Transition Temperature of Selected Metals and Alloys 
to the Superconducting State 


Substance TE Substance TK 
Metals . Sn-Hg 
» 
Zirconium ws 0.3 by ws ecl 
admium ‘ 0.6 - 
Zine anc 9:8 меп 
uminium 1.2 
Ac osc so 3: Сотроипаз 
Мегсигу ... 4.1 NiBi ..... 
Tantalum .. 4.4 Рьзе ..... 
Lead ..... 7.3 NbBiz . 
Niobium .. 9.2 NbB ....- 
MoC ..... 
Alloys МИР ERE. 
Bb ыз сз жеу Be! 
Pi-Au 2 LO ee 
-Zn 
Pb-Hg А Nb3Sn 


Notes. 1. There are a number of superconducting alloys con- 
taining a greater number of components: Rose's metal (8.5 K), 
Newtana eet er лает Wood's metal (8.2 K), Pb-As-Bi (9.0 K), 


Pb-As-Bi-Sb (9.0 K). 

aV 2. Upon EM to the superconducting state the resistive 

ity of compounds and alloys varies ШОНО, а d о PAD n 

temperatures Gomes Aban, licit of te lier OF con 
perature depends on the heat tr: [ 

pound. yeu the table indicates the limits within which 


the transition temperature lies. 


| 


Table 80 
Alloys of High Ohmic Resistance (at 20 °C) 


D 
Alloy ohm. Sim? | % Kt | tmay. °С 


8.8% Cu, 40% 
oT oe MS te TW 0.00001 | 500 
(80% Fe, 


14% Cr, 
LU a thes | eee 0.0001 900 
1 65% Cu, 20% " 
Soman giver i Ж 3 oleas te У 0.28-0.35 | 0.00004 | 150-200 
5% Cu, 12% Mn, Р 
Мапвапіп f жа ips p s | 0.42-0.48 | 0.00003 100 
i 67.5% Ni, 15% Cr, 
Nis me (05.30 AER 1.0-1.1 | 0.0002 | 1000 
ickeline (549 u, 20% Zn, 
I ND ү 3 ч ын in’ | 0.39-0.45 | 0.00002 | 150-200 
Rheotan 84% Cu, `12% Mn, 
Aun) Cu г хов 0.45-0.52| 0.0004 | 150-200 
eva. ar н - 
Notes. The mean values of the temperature coefficient of re 
sistance © are indicated for the temperature interval from 0 ty 
100 °C. The last column indicates the maximum permissible wor! 
ing temperatures, 


The values of the temperature Coefficient of resistance of 
Constantan varies from —0.00004 to +0.0 


0001 depending on the 
sample. 


Table 81 
Allowed Currents in Insulated Conductors 
for Prolonged Operation, A 
Cross-sectional 
area, тт? 


Material 


Current, 4 


| 5 [o [3 [о T 1o 


Diameter of tinned cop- 
рег wire, mm 
a 


0.213 


аа icon] 1.42 


current indicated on a fuse is the maximum 
current that may flow for a long time. A current from 1.8 to 2 
3 Greater than the nomi 


па! one will quick] melt the wire 
in the fuse link. ia * 
cx CRM - be | 


2.03 


Table 83 


Resistivity of Electrolytes at Different Concentrations р’ 


(at 18 °С) 
Solute | р', % | d, в/стз | ү | % К 
Б] 1.011 .9 0.0198 
Ammonium chloride 10 1.029 6 0.0186 
20 1.057 8 0.0161 
5 1.062 
Copper sulphate 10 1.107 
11.5 1.206 
5 1.023 2.5 0.0158 
Hydrochloric acid 20 Tt 1.3 0.0154 
40 1.2 1.9 = 
10 1.05 2.1 Hey 
Nitri 20 1.12 1.5 .013 
Мше acid 30 1:18 1:3 | 0.0139 
40 1.25 1.4 0.0150 
5 “04 4. 0.0217 
Sodium chloride (table 10 { fue 1259 ЙС 
salt) 20 1.148 51 0.0716 
5 1.05 0.0201 
i " “ 10 1.11 Sie 
Sodium hydroxide 20 1:22 0.0289 
40 1.43 0.0648 
5 1.032 oer 
| ic aci 20 1.14 0. 
Sulphuric acid 30 1:22 0.0162 
40 1.30 0.0178 
5 2 0.0225 
Zinc sulphate 10 1409 0.0223 
20 1.232 0.0243 


Note. The resistivity of electrolytes diminishes with increasing 
temperature (in contrast to metals). The resistivity 0, for other 
temperatures can be calculated by the formula [compare with Eq. 
(4.30)] р; = pis [1 — х (t — 18 °С)], where х is the temperature 
coefficient given in the table, рія—ће resistivity at 18 °С, i— 
the temperature for which the resistivity рр is being found, and 


d—the density. 


0 5 10 15 20 
Concentration, 9 -equiv/1 


Fig. 47. Dependence of electrical conductivity on concentration of 
aqueous solutions of selected compounds (at 18 °С) 


Table 84 
Thermal E.M.F. of Selected Metal Couples, mV 


temperature, 
°C 

Platinum- 
platinum 
with 10% 


Junction 
rhodium 
Junction 
= [mi 
а constantan 
constantan 


Iron- 
Copper- 


ч 


Note. The temperatu 


_—— es 
re of the reference junction is kept at 0 °С. 


Table 85 
Differential Thermal E.M.F. (o) Relative to Platinum 
(at 0 °C) 

Metal or a, Metal or a, 

compound uV/K compound пу/к 
Antimony. . . 17.0 РОКИ 16.0 
Bismuth...) —6 Lead telluride —300 
Constantan аё —34. ШЫ MU —16.4 

оррег .... 7.4 inc a 
Саня oxida | 1098 Zinc antimonide 200 
LS ORIHO 


Note. The minus signs indicate that the Current in the hot 
Junction flows from the metal with the s Jue 
of с. For example, in the the; т ајрерғајо va 


rmocouple copper-constantan (Fig. 
epee Current in the hot Junction flows" from constantas to 


| 


-200 -100 0 100 20 300 400 
LU 


Fig. 48. Temperature dependence of differential thermal e.m.f. for 
a copper-constantan thermocouple 


Table 86 
Electrochemical Equivalents 

| 

И Іоп | g-equiv | К, mg/C | Ion | g-equiv | К, mg/C 
H* 1.008 | 0.0104 со$- 30.0 0.3108 
02- 8.0 0.0829 Cu2* 31.8 0.3297 
А13+ 9.0 0.0936 Zn?* 32.7 0.3387 
он; 17:0 0.1702 ei 35.5 0.3672 
Pe .6 wl = 
Peur dod taney soz” 48.0 0.4975 
Nat 23:0 0:2388 NOS боа MT SE 
Fe?* 27.8 0.2895 Ae 01:9 1:118 


Мое, The number of plus or minus signs in the superscript 
denotes the number of elementary charges carried by one ion. 


Table 87 
Absolute Standard (Normal) Potentials of Selected Metals 


U, 
їап' 

Metal s Y | Metal v 
EMEN NM ni ipeum 
Cadmium ..... —0.13 Manganese oh & 
Chromium..... —0.29 Mercury . 

Goppr ...... 0.61 Nickel . 

FON i63 kG —0.17 Silver . » 

ШЕЙ. э» эе ов 0.15 Zine s.s socso 
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Table 88 
E.M.F. of Electrochemical Cells 
i iti n.f., 
Name of | Nerative Positive z en 
cell electrode | electrode Solution Y 
i i Opper Different solutions 1.1 
амер тра эш at electrodes: zinc 
solution of sulphu- 
гіс acid (5-109); 
Copper in saturated 
solution of copper 
sulphate CuSO4 
Edison Powdered | Nickel 20% solution of | 1.4-1.1 
(Ni-Fe) iron (or dioxide potassium hydrox- 
accumu- | cadmium ide (KOH) 
lator mixed 
with iron 


oxides) — 
Grenet 


Zinc Carbon 12 parts KsCro0;, 2.01 


25 parts H2804, 
100 parts H20 
ECT [sur um Гаво 


Spongy Lead 


27-28% solution of 2.0-1.9 
accumu- | lead peroxide H3804,. free. from | at 15°С 
lator PbOs chlorine, density 

1.20 


Carbon Solution of ammo- 1.46 
nium chloride, man- 


ganese Peroxide 


| Leclanché | zine | 


With powdered car- 

bon 
Leclanché| Zinc Carbon 1 part ZnO, 1 part 1.3 
(dry) NHaCl 3 parts 

ZnClo ' and water 

until a paste is 

formed 
zinc ac- | oxide sium пуа ро 
cumula- (KOH) 
tor 
Weston Cadmium Mercu, Я . ; 4 
(stand- amalgam TCUry or arated Solution 1.0183 
ar 


He:80, and CdSO, 


4, paste of 


Charging and Discharging of Accumulators 


14 [T] | | 
0 05 1 15 2 2 
Time, h 
(a) 


Voltage, V 


TN 


< 


Fig. 49: (a) Change in voltage across one cell of an acid accumulator 
in charging with a normal current of 2 A (Q is the capacity of the 
accumulator in A-h) and in discharging with a current for three-hour 
duty EE A ); (b) change т voltage across one cell in charging and dis- 
Charging of nickel-acid (solid lines) and nickel-cadmium (dash line) 
accumulators. Charging is in normal duty of E A (6h), discharging is 


in five-hour duty (= A). For nickel-iron accumulators the curves are 


for eight-hour (= A) and three-hour (= A) discharging duties 
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Table 89 
Mobility of Ions in Aqueous Solutions (at 18 °С) 


Cation cm?/s. V Anion cm?/s. V 
Ht 0.003263 0.00180 
K+ 0.000669 0.00068 
Nat a 0.00062 
et -0005 = 
202+ 0:00048 oponas 
Fe3+ 0.00046 0.00062 


Notes. 1. The mobility of ions grows by about 2% when the 
temperature increases by 1 K. 

2. The number of plus or minus signs in the superscript 
indicates the number of elementary charges carried by one ion. 


Table 90 
Mobility of Electrons in Metals (in em?/s. V) 


Metal..... | м | ма | Ве | Cu | Au Zn 


ME 


Mobility 56 


"mp | 30 | 19 | 10 E 


Nole. The field intensity inside metals actually does not 
exceed 0.001 V/cm; hence, the electron velocities will be numer- 
ically much‘ smaller than the values of the mobility given in 
the table. This can easily be verified by means of the relation 


(4.24) by inserting th ну 
E20 Dy inser ing е permissible values of the current densi 
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Table 91 


Mobility of Ions in Gases 
(at 760 mm Hg and 20 °С, em?/s-V) 


Positive Negative 
ion ion 
DIE ES рожа 1.4 1.9 
Ditto, saturated with water va- 

pOUT caw eg nee tS RS 1.4 2.4 
RON. сз tae ую wh is ев зым 1.5 1.1 
Carbon dioxide .......... 0.8 0.8 
ВИО асас bis ux 16.0 -— 
COLTS Ge adopte 6.3 8.1 
Mercury vapour (at pressure of- 

i mm Hg) 220 = 
Nitrogen 2... 2.1 = 
Oxygen 1.3 1.8 
—————— 


Notes. 1. In the general case the mobility depends on the 
Tatio of the electric field intensity in the gas E to the gas pres- 


Sure p. At low values ot the mobility remains unchanged; 


the mobility of ions changes at values of their drift velocities 
comparable with the velocities of their thermal motion. 

2. The mobility of a given species of ions changes inversely 
Proportional to the density of the gas; at a constant tempera- 
ture the mobility changes inversely proportional to the pressure 
(within the pressure interval from 0.1 mm Hg to 60 atm). The 
mobility only slightly depends on the charge of an ion. 

T 3. The mobility grestly depends on the purity of а 
herefore the values given in the table should be considered as 
approximate. 


Table 92 
Tonization Potentials 

Tonization Eton: €V | Ionization Eon: eV 
Не — Het 24.5 н> Ht 13.5 
Ne —> Net 2115 O— O+ 13:5 
№ — Ni 15.8 H20 — Hoo 13.2 
Аг —> Art 1 Xe— Xe ж 
На Hg 1950 0» — Of 12:5 
N—> Nt Hg — Het 10.4 
C0» —. СО; itr ма — Nat 5:1 
Kr—5 Kr? 13 8 K— К+ 1.3 
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Table 93 
Emission Constants of Selected Metals and Semiconductors 


, А’, 
Element Ф, eV E Element | Фф, eV A/cm3-K 
Aluminium | 3.74 — Nickel 4.84 30 
Antimony 2.35 — Platinum 5.29 32 
Barium . 2.29 — Selenium . . | 4.72 = 
Cesium «| 1.89 160 Silicon .| 4.10 = 
Chromium .| 4.51 48 Tellurium .| 4.12 =. 
Соррег ‚| 4.47 65 Thorium . .| 3.41 70 
Germanium | 4.56 = ИШ ы oes 4.31 502100 
Tron: а «x | 4598 26 Tungsten 4.50 60-10 
Molybdenum | 4.37 115 Uranium . .| 3.74 i 


Note. The work function depends markedly on the cleanliness 


of the surface and on impurities. The figures in the table are for 
pure specimens. 


Table 94 
Emission Constants of Films on Metals 
Metal i mik 
Film 9. eV А/ст?. К? 
rw зле 0 _ | || ABBA. 
Molybdenum Thoriu 2 1.5 
Tantalum Ditto s 2:83 0.5 
Tungsten Barium 1:56 1-0 
Ditto Cesium 1:36 3.2 
Ditto Thorium 2:63 3.0 
Ditto Uranium 2.81 3.2 
| Ditto Zirconium 3.14 5.0 
Table 95 
Emission Constants of Oxide-Coated Cathodes 
Cathode Ф, eV | m UT 
Barium on oxidized tu 
Nickel-Bao-sro ^ do EE 1220 0:90 
arium-oxygen-tungsten | | | e е e 
PENDIBAOSO ыру» 1:31 2116 
BaO on a nickel alloy $>; 1.50-1.83 |0.087-2.18 
Thorium ^ oxide-coated cathode А iv | 
(Шай vatug) a ae р. e 2.59 5.35 
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Table 96 
Properties of Semiconductors 
1 T 
Substance de | ^Eo eV ст. V cms. V 

BOrün(B) s.n 2300 A. 10 10 
Graphite (C) ..... — 0. — — 
Diamond(C) ..... — 6 1800 1200 
Silicon (Si) ...... 1414 1 1900 500 
Germanium (Ge) ...]| 958 0 3900 1900 
Tin (gray) (Sn) .... — 0. 3000 — 
Sulphur (S) ...... 113 2. - = 
Selenium (gray) (Se) . | 220 2. — — 
Tellurium (Te) .... | 452 0. 1700 1200 
Tode e«v xs 113.5 1. 25 — 
АЕ Те... 955 0. 4000 — 
Нета значце 670 0 10000 100 
BUR aca san TETT 585 0. 600 150 
MESH enar oe я 778 0. 200 150 
КИЙ земные 1065 0. 1400 1400 
QUIE yemasa ар 1240 0. 100 ==» 

Du эв»: жа 1114 1: 650 800 
ARBM adorin 430 1. 35 — 
Gila: wi eta 6 es 1045 um 450 100 
ПИ уон ei ee ур 1232 1.5 — 100 
Als... 2050 2. = — 
MMO errai 1975 3. 200 — 


Notes. 1. tm is the melting point, AEo—the width of the 
forbidden band, and u- and u,—the mobility of electrons and 
holes, respectively. 

2. The values of the mobilities are given for room tempera- 
ture and field intensities less than the critica! field. 

3. Deviations from Ohm's law may occur owing to the de- 
pendence of the mobility on the intensity of the electric field 
in semiconductors The lowest intensity beginning from which 
such deviations are observed is called the critica! field (Epp). 


The values of E,, at 20 °С аге: 


n-type germanium—900 V/cm 
p-type germanium—1400 V/cm 
n-type silicon—2500 V/cm 
p-type silicon—7500 V/cm 


The critical field diminishes with decreasing temperature. 
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10° 


Аи, «cn 


Ж wm И" 0 


n’ 
Member of impurity atoms per ст? 


Fig. 50. Dependence of resistivity of germanium (1) and silicon D 
on impurity atom concentration. The temperature is about 2 


n' 


Fig. 51. Temperature depend- 


es | 
Тай! german 
аре rib ege 


(ЗА 


Noa Катта 


QU 008 002 
т. K 


WT, 


Fig. 52. Dependence of breakdown 


i es 
ence of resistance of germa- voltage for flat metal electrod! 

nium. on value of pd (p is the nd 
The values of the resistivity of the gas, and d—the dista 


are plotted on the axis of 


ordinates to a logarithmic 

Scale, the reciprocal of the 

absolute temperature is plot- 

ted on the axis of abscissas; 

Nge is the number of germa- 

nium, and Ngy—the number 
of antimony atoms 


between electrodes) 


И 
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Table 97. 


Spark Gaps for Air 
(mm at pressure of 760 mm Hg) 


Shape of metal 
electrodes 


Two spheres 


Two Two 
points S mun plates 
Voltage, V 
20000 15.5 5.8 6.1 
40 000 45.5 13 13.7 
100 000 200 45 36.7 
200 000 410 262 75.3 
300000 600 530 114 


C. ELECTROMAGNETISM 
FUNDAMENTAL CONCEPTS AND LAWS 


1. Induction of Magnetic Field. 
Interaction of Currents. 
Magnetie Moment 


Two conductors with currents, a conductor with current 
ànd a magnet, or two magnets interact with each other. A 
field called magnetic is responsible for this interaction. A 
magnetic field appears as a result of charge drift, the magnetic 
field of magnets is created by the drift of electrons in atoms. 

о magnetic field appears around charges at rest. 

A magnetic field is detected according to its action on 
Conductors with current (or drifting charges) and magnetic 
needles; the forces causing this action are called magnetic; 
по magnetic field acts on charges at rest. 

. The vector quantity B, called the magnetic induction, is 
Introduced to characterize a magnetic field. The direction of 

e magnetic induction vector coincides with the direction 
of the force acting on the north end of a magnetic needle 
Placed at the given point of the field. The magnitude of the 


11-0525 
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force acting on a conductor with a current in a magnetic 
field is determined by Ampere's law: 


AF = ki МВ sin p (4.48) 


where i is the current, Al—a small (elementary) length of 
the conductor (an element of the conductor length), B— 
the magnetic induction, B—the angle between B and Al 
the element of the conductor length Al is a vector whose 
direction coincides with that of the current; the product 
iAl is called a current element. The proportionality factor 
depends on the choice of the units; when all the quantities 
are measured in one system of units, k — 1. 

‘The magnetic induction is numerically equal to the force 
with which a magnetic field acts on a unit current element 
(iAL = 1) arranged at right angles to the induction vector. 

: The magnetic induction depends on the properties of the 
medium, 

, In the SI system the unit used to measure magnetic induc- 
tion is the tesla (T). 1 tesla is the induction ora field that 
acts on a unit current element іЛІ = 1 A-m arranged at 
right angles to the induction vector with a force of 1 N., 

The CGSM system of units (see p. 164), in which the unit 
of current is equal to 10 amperes, is often used for measuring 
quantities characterizing a magnetic field. In this system the 
unit of magnetic induction is the gauss (Gs). 1 gauss is the 
induction of a field that acts on a unit current element 


iAl = 10 A-cm arranged at right induction 
vector with a force ot dyne; поа AU tiean 


1 T = 10! Gs 


A quantity, called the magnetic field intensity (or simply 
the magnetic intensity), is introduced to characterize 8 
magnetic field in a vacuum. The magnetic field intensity 
is numerically equal to the induction of a magnetic field 
in a vacuum. 

The dimensions of B and H in the CGSM system are the 
same, whereas in the SI system they differ from each other. 

To determine the magnetic field intensity, we must remove 
the substance from the space in which there is a field, ап! 
then measure the force acting on a unit current element 
(AL = 1) arranged at right angles to the induction vector. 
Sacre es field pec does not depend on the prob. 

medium, but is determi urren 
and the shape of the conductor. nod only by the © 
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The ratio 
B 
a 


is called the absolute permeability of a medium. 

The magnetic field intensity is a vector quantity coincid- 
ing (in a homogeneous medium) in direction with the magne- 
tic induction vector, but whose value 
is ца times smaller than the latter. 

he numerical value of pa is ex- 
pressed in relative units (relative to the 
absolute value of the permeability 
of a vacuum po). The quantity 


Ha 
Ho а! 


is called the relative permeability (or 
simply the permeability). It does not 
depend on the system of units used. 

The direction of the {отса acting 
оп a current-carrying conductor is T 
determined by а E the left-hand Eig: вирусла auge 
rule: if the open palm of the left hand 
is placed so that the lines of force of the magnetic field 
enter the palm, while the outstretched fingers point in the 
direction of the current, then the thumb will indicate the 
direction of the force acting on the conductor (Fig. 53). 

Two sufficiently long straight and parallel conductors 
with current interact with each other so that if the currents 
have the same direction, they are attracted, and if the cur- 
rents have opposite directions, they are repulsed from each 
other. . 

The mathematical expression of this law is: 


= 


ғ= 2018 (CGSM) (4.49) 
_ нон 
p РЕН (51) (4.50) 


Where a is the distance between the conductors, 1—the 
ength of the conductors, i; and i,—the currents in them, и— 
the permeability of the medium. 


11* 
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The force acting on a moving charge in a magnetic field 
(called the Lorentz force) is 


Fy = qB sina (4.54) 


where д is the charge of a particle, v—the velocity, and a— 
the ankle Peiwen the direction of the velocity and the 
induction B. The Lorentz force is directed perpendicularly 
to the plane in which the vectors B and v are. 100 

The moment of the forces acting on a plane current loop 
placed in a magnetic field is 


M = 158 sina (4.82) 


where i is the current, S—the area of the loop, B= the ШАГ 
netic induction, and a—the angle between a perpendicula 
to the plane of the loop and the vector B. 
The quantity 
Pm = iS 
is called the magnetic moment of the loop. Е 
The magnetic moment is а vector quantity. The дшшен 
of the magnetic moment is determined according to к 
right-hand screw rule: if the head of a screw is rotated in tl e 
direction of the current in a loop, the forward motion of t 
screw will coincide with the direction of Pm: he 
The magnetic moment of several current loops equals t 
vector sum of their magnetic moments, ) 
The magnetic moment of a particle (with the charge у, 


travelling along a circular orbit with the radius R an 
linear velocity v is 


Ра=+ wR (4.53) 


2. CGSM and SI Systems of Units 


In the CGS electromagnetic (CGSM) system the basic 
units are the centimetre, gramme (mass), second, an 
for electric quantities—the permeability of a vacuum 
(ро = 1). The unit of current in this system is derived ап 
is determined from the law of interaction of currents. ot 

The unit of current in the CGSM system is such a direc 
current which, when flowing through two infinitely 1078 
parallel conductors placed in a vacuum 1 cm apart, cause 
them to interact with a force of 2 dynes per cm of the 
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length. It is assumed that both conductors have a sufficiently 
small cross-sectional area. 

The basic units of the SI system are the metre, kilo- 
gram (mass), second, and the unit of current —ampere. 

Ап ampere is such a direct current which, when flowin 
through two thin infinitely long parallel conductors place 
in a vacuum at a distance of one metre from each other, 
causes them to interact with a force of 2 X 10-7 N per metre 
of their length. у 

In this system the permeability is a derived quantity. 
For a vacuum 


ш=4л X 10-7 H/m —1.26 x 10-6 H/m 


3. Intensity of the Magnetic Fields 
of Currents 


The lines of force (force lines) of a magnetic field are lines 
the tangents to which coincide with the direction of the 
intensity at the given point. The magnetic lines of force are 
closed (in contrast to the force lines of an electrostatic 
field); such fields are called vortez (Figs. 54-55). The force 
lines of a straight conductor with current are concentric 
circles in a plane perpendicular to the conductor (Fig. 56). 
The direction of a force line of a magnetic field is determined 
by the right-hand screw rule: if a screw is turned so that it 
moves forward in the direction of the current, the direction 
E rotation of its head will coincide with that of the force 
ines, 

The intensity of the magnetic field induced by a current 
element iAl in the CGSM system (see Fig. 56) is 


iM sina 
AH—— z (4.54) 
and in the SI system is 
iAlsin a 
AH = =т= (4.55) 


Where r is the distance from the current element to the point 
at which the intensity is being determined, and a—the 
angle between r and iAL. This relation is called Biot and 
Savart's law, 


166 Handbook of Elementary Physics 


Fig. 54. Force lines of the magnetic field of a circular current detected 
&by the action of the field on iron filings 


Fig. 55. Force lines of the magnetic field of a solenoid detected by the 
action of the field on iron filings 
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The magnetic field intensity of a long straight conductor 
with current (this and the following formulas are given in 


both the CGSM and SI systems) 
is 

H—À5 o gli. (4.56) 

a 2ла 

where a is the distance from 
the conductor to the point of 
the field at which the intensity 
is being determined. 

The magnetic field intensity 
at the centre of a circular 
current is 


2ni i 
Hen o H= 3R (4.57) 
where R is the radius of the 


loop. 
. The magnetic field intensity 
inside a toroid (Fig. 57) is 


2Ni Ni 


H= o H= "ar (4.58) 


where N is the total number 
of turns of the conductor, and 
r—the average radius of the 
toroid. 

The field intensity inside a 
straight solenoid whose length 
considerably exceeds the diame- 
ter of its turns is 


H=4nni or Н = ni (4.59) 


Fig. 56. Illustration of Biot 
and Savart’s law. Right-hand 
screw rule 


where n is the number of turns per unit of length of the sole- 
noid. The magnetic field intensity in such a solenoid has the 
same magnitude and direction at all points, i.e. the field is 


homogeneous. 
The magnetic field intensity of a 
(Fig. 58) is 


_` gusin 0 


Н E, 


H- 


moving charged particle 


_ w sin 0 


a (4.60) 
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i i i i from 
here v is the velocity of the particle, r—the distance fro 
the particle to the point of the field at which the intensity 
is being determined, and 6—the angle between the directio: 


Fig. 97. Toroid Fig. 58. Magnetic field of а 
moving particle 


of the velocity and a line drawn from the particle to the 
given point of the field. m 

The unit of magnetic field intensity in the CGSM syste t 
is the oersted (Oe), and in the SI system—the ampere Pid 
metre (A/m). 1 A/m is the intensity of a magnetic fie d 
induced by an infinitely long straight conductor with а 
current of 4л A at a distance of two metres from it. 1 1 
is the intensity of a magnetic field induced by an infinite Y 
long Straight conductor with a current of a CGSM un! 
(10 A) at a distance of 2 cm from it; 


1 A/m — 4x x 10-3 Oe 


4. Work Performed when a Conductor with Current 
Moves in a Magnetic Field. 
Electromagnetic Induction 


When a conductor with current moves in a magnetic 
field, work is performed: 


А = i (®, — Ф) (4.61) 


where Ф is the magnetic flux through the current loop at iho 
beginning of motion, and ®,—the magnetic flux at the en 
of motion. - 


The magnetic flux through a loop (in a homogeneous field) 
is the product of the magnetic іп Es B, tho area of the 
loop 5, and the cosine of the angle æ between the direction 0 
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the field and a perpendicular to the surface of the loop 
(Fig. 59): 
Ф = BS cosa (4.62) 


The unit of magnetic flux in the CGSM system is the max- 
well (Mx), and in the SI system—the weber (Wb). 

A changing magnetic flux induces an electric field with 
closed force lines (a vortex electric field). The induced field 
manifests itself in the conductor as the action of extraneous 


Fig. 59. Magnetic flux through surface S 


Torces (p. 136). This phenomenon is called electromagnetic 
induction, and the e.m.f. that appears—the induced e.m.f. 

The currents due to the induced e.m.f. are called induced 
currents. 

An induced current has such a direction that its magnetic 
field prevents a change in the magnetic field which caused the 
induced current to appear (the Lenz law). 

The magnitude of the induced e.m.f. can be calculated by 
the formula 


dec DM. (4.63) 


Thus, the induced e.m.f. is equal in absolute value to the 
rate of change of the magnetic flux through the area confined 
by a loop. 


The signs of the e.m.f. and -— are opposite (in accordance 
with the Lenz law). 


АФ 
At 


5. Self-Induction 


Any change in the current in a conductor leads to the 
appearance of an induced e.m.f. due to the magnetic flux 
of the current. This phenomenon is called self-induction, 
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The self-induced e.m.f. can be computed by the formula: 
д (4.64) 
=— М4 


1 H = 10? ст 


All the following formulas аге given in the CGSM nd 
I systems. The inductance of a solenoid with a core 
2 2 
2 ii ёз E p RoS (4.65) 


Е ut 5— 
where p is the permeability, у Һе number of turns, " 
the cross-sectional area of the solenoid, ће length of th 
wound-on Wire, and k—a coef, 


of the length of the wound-o 


coil =. The values of к are 
noted th 


A tio 
ficient depending on the ra 
n wire to the diameter of the 


given in Table 107, It should be 


R 1, В 4.66) 
= 1n 72. =: Ниё т dn ( 
L—2yul ln R "OL эл 18 Ry 
where R, and R, are the radii of the external and internal 
cylinders. nd 
The inductance of а two-conductor line of length Га 
radius of the Conductors r (for r « a) is 
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‘The energy of the magnetic field around a conductor 
with a current is 


waite (4.68) 
2 
Energy is distributed in a space where there is a magnetic 


field. The energy density of a homogeneous magnetic field 
(the energy per unit volume) is determined by the formulas 


uH? npo? 
w WI or w= 2 (4.69) 
The lifting force of an electromagnet is 
Bs BS 
F = (OF Е= ho (4.70) 


where 5 is the cross-sectional area of the shoe of the electro- 
magnet, 
Eddy currents (or Foucault currents) are induced currents 
appearing in massive conductors placed in a varying magnetic 
eld. 


6. Magnetic Properties of a Substance 


A magnetic moment appears in all bodies placed in a 
magnetic field. This phenomenon is called magnetization. 

A magnetized body (a magnetic) creates an additional 
magnetic field with the induction B' which interacts with the 
induction By = paH due to macroscopic currents, Both fields 
Produce a resulting field with the induction B which is 
obtained by vector summation of B’ and Во. 

Currents in the molecules of а substance circulate along 
Closed circuits; each of these currents has a magnetic moment 
(р. 164); in the absence of an external magnetic field the 
molecular currents are oriented chaotically and the mean 
current which they create equals zero. Under the action of 
à magnetic field the magnetic moments of the molecules 

come oriented mainly along the field, and as a result the 
Substance becomes magnetized. The measure of magnetiza- 
tion of a substance (a magnetic) is the magnetization vector. 

€ magnetization vector I equals the vector sum of allthe 
magnetic moments pm of the molecules confined in a unit 
Yolume of the substance: 


1 
= 2; Pm 
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The magnetization vector is proportional to the magnetic 
i it ctor: 
field intensity ve e (л!) 


The quantity x is called the magnetic susceptibility. It is a 
dimensionless quantity. 


In the SI system In the CGSM system 


В’ = ш B' = 4л] (4.12) 
B = uH + pol B=H-+ 41 (4.73) 
р= 14 х н = 1-4 4лх (4.74) 


A curve expressing!the relation between H and B or H 
and J is called a magnetization curve. tor) 
Substances for which x > 0 (but only slightly P e 
are called paramagnetic substances (or paramagnetics); tho: 5 
for which x < 0 are called diamagnetic substances (or diamor 
netics). Substances for which x is much greater than unity 
are called ferromagnetics tics 
Ferromagnetics differ from paramagnetics and діатарпей 
in a number of properties, n 
(а) The magnetization curve of ferromagnetics has s 
intricate ‘nature (see Fig. 60). For paramagnetics it Ius 
Straight line with a positivo angular coefficient, and for di a 
Magnetics it is a straight line with a negative angular о 
ficient. The magnetic Susceptibility and permeability, i 
ferromagnetics depends on the field intensity; such a relatio 
b magnetics and diamagnetics. " 
, For ferromagnetics the initial permeability (ш) is usually 
indicated. It is the limiting value of the permeability when 
the field intensity and induction are close to zero, i.e. 


for ferromagnetics passes through 


$ a ; The maximum value pmax 19 
also usually given in the relevant tables. 


Electricity 173 


The magnetic susceptibility of diamagnetics and certain 
paramagnetics (for example, in the alkali metals) does not 
depend on the temperature. The magnetic susceptibility of 
paramagnetics (with a few exceptions) changes in inverse 
proportion to the absolute temperature. 

(c) A demagnetized ferromagnetic is magnetized by a 
magnetic field; the dependence of В (or Г) on Н upon magnet- 
ization will be expressed by curve 0-1 (Fig. 60). This curve 
is called the \initial magnetiza- 
tion curve. The magnetization 
in weak fields grows rapidly, 
then the growth decelerates and, 
finally, a state of saturation 
sets in when the magnetization 
remains virtually constant upon 
a further increase in the field. 

The maximum value of the 
Magnetization is called the БОКЕ" 
sa ig. y steresis loop: 

endum ee (eat); PLA Ty magnetization 

" FOps 10 Zero, from  unmagnetized state; 
(and 7) will change along curve  ;-5-3--demagnetization curve 
d s ep in induction 
УШ 1а ehind the change in 
field intensity. This Phenomenon is called magnetic hysteresis. 

The value of the induction remaining in a ferromagnetic 
after the field is removed (when H = 0) is called the magnito 
retentivity (or simply the retentivity) Bret. In Fig. 60 the 
value of Brot enr the segment 0-2. To demagnetize a fer- 
romagnetic, the retentivity must be removed. To do this a 
field of the opposite direction must be created. The change in 
the induction in a field of the opposite direction 1s shown by 
curve 2-3-4. t : 

The field intensity А coer (segment 0-3 in Fig. 60) at which 
the induction equals zero is called the coercive intensity 

отсе). a ^ 

The dependence of В (or Г) on the periodically changing 
Magnetic field intensity from +H to —H is expressed by 
Closed curve 1-2-3-4-5-6-1. Such a curve is called a hysteresis 
оор. р Р 

During one cycle of change in the field intensity from +H 
to —H energy proportional to the area of the hysteresis loop 
Will be consumed. Е : 

The properties of ferromagnetics are explained by the 
Presence in them of regions which in the absence of an exter- 
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nal magnetic field are spontaneously magnetized to satura- 
tion. These regions are called domains. But the arrangement 
and magnetization of these regions are such that in the 
absence of a field the total magnetization of the entire body 
equals zero. 

When a ferromagnetic is in a magnetic field, the boundaries 
between the domains become displaced (in weak fields) and 
the magnetization vectors of the domains turn in the direc- 
tion of the magnetizing field (in stronger fields), as a result 
of which the ferromagnetic becomes magnetized. 

_A ferromagnetic placed in a magnetic field changes its 
linear dimensions, i.e. deforms. This phenomenon is called 
magnetostriction. The relative elongation depends on the 
nature of the ferromagnetic and the magnetic field 
intensity. 

The magnitude of the magnetostriction effect does not 
depend on the direction of the field; in some substances con- 
traction is observed (nickel), in others elongation (iron in 
weak fields) along the field. This phenomenon is used to 


Obtain ultrasonic oscillations with fi i to 
ERAT requencies up 


TABLES AND GRAPHS 


Magnetic Field of the Earth 

The Earth is surrounded by a magnetic field. The point! 

г Я points 

of the Earth at which the magnetic field intensity is directed 
vertically are called its magnetic poles. The Earth has two 
Es poles: the north magnetic pole (in the southern hemi- 
ара) and the south magnetic pole (in the northern hemi- 
The straight line 


called the Parthi passing through the magnetic poles is 


k ; magnetic azis. The circumference of the 
aden in the plane perpendicular to the magnetic axis 
ate led the magnetic equator. The magnetic field intensity 
ое оп the magnetic equator is directed horizon- 

The ma; 


etic field intensity at the magnetic equator is 
iue 0.34 Ое, and at the magnetic oles about 0.66 Ое. 
the d ыш ended regions of magnetic anomalies) 
€ rply grows. In tl i s 
magnetic anomaly it Sachs 2 Oa. кысык 


004 ПИ 


0.03 


3 
= 0.02 = = 


0.01 


14000 18000 22000 26000 30000 34 000 
‘Distance from centre of Earth, km 


Fig. 61. Intensity of the Earth's magnetic field at high altitudes 


Table 98 
Properties of Steels Used in Electrical Engineering 
Grade n H, p о, 
їп' Umax’ coer | (at 25 Ое), ohmx 
of steel | с5/0е | Gs/Oe coer | (at тия 


945 600 10 000 125 
9310 1000 30 000 12 


Note. For the symbols used see рр. 172- 


Table 99 


Properties of Selected Iron-Nickel Alloys 


р, 
Alloy in lgat | ohmx 
Gs/Oe Gs/Oe Ое Gs xmm?/m 
T0HM 20000| 100000 |0.03 | 8000| 0.55 
но 38 000| 120000 |0.015] 7000| 0.62 
OEC 5 0001 30000 |0:2, 40000) 0.85 
65H 3000| 35000 0.12 |15 000 0.45 
SOLI 30001 100000 |0.1 |13 0001 0.35 
Mo- 2000] 20 000 [0.2 15 500 0.45 
Mo permalloy 26000] 75000 |0.03 | 8500) 0.55 
-5 Ni-permalloy | 10 000| 100 000 | 0.025 |10 700 0.16 
Note. These alloys have a high ab! 
e М gh permeability. which drops 
sharply at high field intensities and high frequencies. In addition, 
value of p greatly depends оп the mechanical stresses. 


———— 
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Table 100 
Properties of Selected Magnetically Refractive Materials 


H, " B. HB 3 
Material of magnet coer eet Sn 618/00 
00 
Alloys: alni і (АНІ 250 т 000 28 0 
7 aint 3 {AH} 500 5 000 36 000 
nico 
НКО Wis 500 6 800 55 000 
nico 
(AHKO 8) ew 650 9 000 97 000 
alnisi (AHK) 750 4 000 43 
magnico 
(АНКО 4) .. 


Barium ferrites... . 


500 12 300 150 000 
1 600-2 900|1 800-4 000| 30 000-150 000 
Platinum magnetic 


00 

alloys |... .. . . |1 500-4 000|3 000-6 000| 10 000-15 0 

Steels: EX3 11°! ! 60 9 500 12 000 
EIB86:..... 62 10 000 13 0 
EX5KS5 .: 100 8 500 18 000 
EX9K15M 170 8 000 28 00 


Note. These materials are characterized by a high coercive 
force and are used to 


manufacture permanent magnets. An im- 
Portant characteristic of these materials is the maximum value 
of the quantity "ga ` This quantity is proportional to the max- 


imum energy of the magnetic field surrounding the ferromag- 


netic. 


Table 101 


Properties of Magneto-Dielectrics 


Material 


m, Gs/Oe | a, 10-6 K^? 


Pressperm T4-180 


Alsifer Tà-90 iilii 400 
A lsifer T4-60 E 20-85 т. 
Alsifer B4-32 30-32 —200, +250 
Carbonyl iron 11-14 —50, +50 
Ferroelast K-9 9-10 —50, +50 
Alsifer P4-8 .;;; 1 5-8 —80, —150 
Le i 


Note. Magneto-dielectric: tic parti" 
cles (10-1 to 10-4 ст) which are bound to, неп With a dielectric. 
The resistivity of these materiais ranges (Ош 1 to 400 ohm- cm: 
@ is the temperature coefficient of гез] stivity. 


5 consist of fine} 
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Table 108 
Principal Properties of Ferrites 


Ferrite Ща» Gs/Oe | а, 10-6 K-1 | p, ohm-cm 
Manganese-zinc 
ferrites: 
4000HM .... 4000 2 
` 8000HM .... 3000 3 
2000HM .... 2000 0.6-1.5 102 
1500HM .... 1500 0.6-1.5 
1000HM .... 1000 1.5 
Nickel-zinc and lith- 
ium-zinc ferrites: 
2000HH .. 2000 3 
SOEH | 400 8 
á 00 4-107 
200HH 200 4-25 201-10 
100HH 100 10-30 
50ВЧ..... 50 5 


Note. Ferrites are mixtures of metal oxides (of nickel, zinc, 
and iron) subjected to special heat treatment as a result of 
which they acquire a high resistivity; © is the temperature 
Coefficient of resistivity. 


Table 103 
Permeability of Paramagnetics and Diamagnetics 


Diamagnetics 


Hydrogen 
Benzene 
Water 
Copper 
Glass . . 
Rock salt 
Очаг... 
Bismuth 


0 
5 
0 
3 
6 
6 
1 


0. 
1. 
9. 
0 
2 
2 
5 
6 


_ 
Die e a 
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Table 104 
Curie Point of Metals 
с 
Substance Тс, °C | Substance | To 
85 
liniu 20 Magnetite . 5 
Sono Iron, electro- 169 
30% vse ote 70 PUG al d 
Heusler alloy 200 Iron, resmel- 
Nickel .... 358 ted in hyd- 114 
loy, гореп.... 
Реша! E ls 550 Cobalt 1140 
Table 105 


Unit Susceptibility of Selected Metals 
(per gramme at 18°С in CGSM System) 


ceptibility x to the density of the 


Metal pr 40% Metal Hg HES 
Aluminium Manganese . . 
Antimony Mercury ... 
Cadmium Selenium . . . 
Calcium Silver 24 
Chromium .. Sodium . . 
Copper .... Tellurium 
Germanium . por еа г 
Indium ., Tungsten . . . 
Lead 2.2. Vanadium 
Lithium ANG) iesus 
SS 
Note. The unit susceptibility Ир ?quals the ratio of the sus- 


substance p: Яр zd g 


p 
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Dependence of Permeability and Induction 
on the Magnetic Field Intensity 
(in Primary Magnetization) 


и — 


0 
24 Б 8 Ю 12 14 15 № 20 22 24 Ж 
H,Afcm 


(5) 


Fig. 62. (a) p i 

‚92. ependence of the permeability of iron and Permalloy on 

the intensity in weak fields; e) dependence of the induction in steel 
and iron on the magnetic field intensity 


12* 
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D 
Fig. 63. Hysteresis loop for soft iron and tempered steel (about 1% 
Of carbon) 


gs 


ongation Alfy, ID 5 
> 
єз 


Relative e 


0123255574 
Intensity H, 0^ A/m 
Fig. 64, Magnetostriction of ferromagnetics: " 
1—54% Pt, 46% Fe; 2—70% Co, 30% Fe; 3—50% Co, 50% Fe; 4— 
50% Ni, 50% DL 5—iron; d Coal геа 60 Ж ДЕЛ Ni, 
‚80% Zn; 8—піске] 
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Table 106 


Induction and Hysteresis Losses in Ferromagnetics 
and Ferrites 


a 
Induction B (Gs) at H (Oe) equal to В Žo 
Material = |_—————__________________|8 239 
0-1 | 0.5 | 2.0 | 10.0 | 50 | 500 |z$5x 
Ferrite Mg-Mn| — | 100 | 2000] 2300] — - — 
Ditto, -20 | 80| 500] 2300] 3600] — — – 
Ditto, 
000% Ni-cu | — | — = 600| 1 000] — - 


tto, 

30% мые | — | | — | 2500] 3100] — | — 
Ditto, Nt-Zn| 5| 80| 130|1500|2400| — = 
Iron, annealed | 100 | 750 |12 000 [16 500 |17 200 [24 000] 600 
Ditto, — cast, 


annealed . | — | — 600| 5 000 | 8500 |14 000 |10 000 
Ditto, cobalt 

(35% Со) ..| — | — | 4 000 |15 800 |21 000 |24 200 | 3500 
Ditto, electro- 

lytic... .| 40| Боо |х ооо |15 000 |17 600 |21 000| 2 500 
Ditto, silicon, 


(4.3% SD) . .|200|4500|10 000 |13 500|15 300 |19 500] 690 


13 
Steel, 
.| 30| 300] 6 000 1t 000 17 000 [21 000 | 5 000 


(0.1% C) " 
Ditto, sheet ; | 20| 400| 9000 00 |16 500 |21 000| 2500 


_—— 


Notes. 1. The numerical values should be considered as ap- 
Proximate because they may vary for different samples. 
of 2. The values of the losses per remagnetizing cycle in 1 cm3 
? B substance are indicated for a hysteresis loop with the max- 
mum value of the induction of 1000 Gs. 


Table 107 
Values of Coefficient © for Calculating Inductance 


Ratio of length of wind- 
Ing to diameter (+) 0.1 | 0.5 | 1 5 10 
сс pue en qo ss dem 
k | 0.2 | 0.5 | 0.6 | 0.9 


— 


appr. 1.0 


Note. For 4 > 10 the value of k is approximately unity. 
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D. ALTERNATING CURRENT 
FUNDAMENTAL CONCEPTS AND LAWS 


An alternating current is such a current whose intensity 
or direction (or both simultaneously) changes with time. 
Currents that change only in magnitude are called pul- 
sating currents. 
Alternating currents that change sinusoidally (Fig. 65) 
are used most frequently. Periodic non-sinusoidal currents 
can with any degree of accu- 
LE racy be represented as the 
Е sum of sinusoidal alternating 
currents (see p. 103). 

The instantaneous values 
of a sinusoidal alternating 
current and voltage are given 

t by the formulas 


i= Го зіп ot (4.79) 
и = Ug sin (ot + 9) (4.76) 


where Jọ and Uy are the 
EE 65. Graphs of change in maximum (amplitude) values 
alternating e.m.f. and current of the current and voltage, 
(sine law, p = 0) o—the an lar (cyclic) m 
3 quency of the current, t—t^ 
time, p—the phase shift between the current and voltage 
(see p. 102), œ = 2nf, and f—the frequency of the current. 
The effective value of an alternating current (I) is the value 
ү : дош: ште which orae the same power as the 
€ ernating current when flowin ате 
active (ohmic) oce S ош Vue x 
aoe most cases:(but not always!) ammeters and voltmeters . 


ow the effective value of the с U). 
For sinusoidal currents SS ОЕ Hie; ҮНДӨ f 


1=№ ana ле бо. (4.77) 

V2 V2 
і а power developed by an alternating current i? 
P = UI cos o (4.18) 


The quantity cos ф is called the power factor, 
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An inductance Г, in an alternating-current circuit functions 
similar to a resistance in the circuit, i.e. it reduces the cur- 
rent. А К 

The magnitude of the inductive reactance is 


Бу == eL (4.79) 


This reactance is due to the appearance of a self-induction 
e.m.f. in the coil. "nm ini 

An alternating current in a circuit containing ined 
inductive reactance lags in phase behind the voltage applie 
across the circuit by 90°. 


U-U,sinct 
5—5 4 
ta) (b) 


Fig. 66. Series (а) and parallel (b) resonance circuits 


A capacitance in an alternating-current circuit passes the 
current (in contrast to a direct current!). The resistance Г д 
‚ Capacitance to the flow of an alternating current is calle 
Capacitive reactance. 
€ capacitive reactance is 


"acm (4.80) 


The current in a capacitor leads the voltage by 90°. 

hen an ohmic resistance, inductive reactance and Ns 

Pacitive reactance are connected in series (Fig. 66a), their 
total action is 

2=У R23 t,—RoY* (4.84) 

que quantity Z is called the impedance, in contrast to the 

ohmte resistance В. Г cia AA 

e amplitude of the current in a series resonance circuit is 


Woy 10 (4.82) 
EU = 2 
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А s , ; bee 
here О is the quality (see below); the phase difference 
SOS = оиа and voltage is determined by the relations 


Вр Ес 
R 


When Вг = Rc we have a 0, the impedance Z is 
minimum (see Fig. 68), and the current in the circuit 18 
maximum (see Fig. 69). This phenomenon is called series 
electrical resonance. | а 
In series resonance the voltages across the inductance an 
capacitance equal each other in value, but are opposite in 
phase. The ratio of the voltage across a capacitor Ug (or 01) 


to the voltage U applied to the circuit equals oh = aR = 
= Q. This quantity is called the quality of the circuit; o in 
this expression is the resonance frequency, determined from 
the condition that Rr, = Rc. At circuit qualities of Q > 1 
the ш across the inductance and capacitance may b? 
considerably m than the applied voltage U, i.e. Ur, = 
= Ос = QU. This is why this phenomenon is also called 
voltage resonance. 

When a capacitance and an inductance are connected 
parallel to an ohmic resistance (Fig. 665), the impedance 18 


R 
tang— and cosp=z (4.83) 


Ri 
Z2 (а еы» __ 84) 
Pc V sec us gas 
and the phase difference is determined from the relation 
R R R 
tanp-—L[41——2). 7. .85 
n9—-3 (1 Re ) Re (4.85) 


When A 0 we have Rz z Кс, and the impedance (se? 
Fig. 70) is maximum. This phenomenon is called paralle 
electrical resonance. 


In parallel resonance the current J in the common circuit 
is minimum and coincides in phase with the applied voltag? 
U, while the currents 7z, and Ig flowin through the induc- 
tance and capacitance are equal in value, but opposite i? 
es og the шша ш the circuit branches may be con- 

y greater than the current i ircul 
(tO > ple in the common circu} 


QI. This is why paral nance 18 
also called current resonance. prec 
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The impedance Z (at Q > 1) has the maximum value 


Zmax in parallel resonance. Graphs showing how 
Zmax 


depends on the relative frequency 2 are shown in Fig. 70. 
о 


. When an alternating current flows through a conductor, 
it generates induced currents; as а result the current density 
will be greater at the surface of the conductor than in the 
middle. The difference will be the greater, the higher is the 
frequency. At high frequencies the ‘current in the middle of 
the conductor may virtually vanish. This phenomenon is 
called the surface effect (or skin effect). 


TABLES AND GRAPHS 


Resistance to Direct and Alternating Currents 


The ratio of the resistances to alternating and direct cur- 
rents depends on the parameter $: 


5=0444 / H 


Whero d is the diameter of the wire (ош), f—the frequemey 
(Hz), p—the resistivity (ohm -cm), and p.—the permea ility. 


иш” = 


Rac / Fac. 
~ ъч FON © 


4 


"ESEL. и 0 8 0 
гана 


Fi 
ig. 67. Graph of dependence of ratio between resistances to alter- 
nating and direct currents on 
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1100 


1000 


Aesistance,N 


1000 


Fig. 68. Change in inductive reactance, са; @ 
Д acitive reactance, ал 
finpedance depending on frequency in'a Ра resonance circuit 


olog 


Fig. 69. Dependence ot c 
‘urrent in a series i fre- 
Sm cas curves have beon called Бу Rte Qd le 


are laid off along the coordinate axes 


tive values —— ang -2 
To ind a 
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` 0 02 06 10 14 18 

[us 
Fig. 70. Dependence of impedance Z on frequency in a parallel reso- 
nance circuit. The relative values z- and 2 are laid off along the 


Y max 
coordinate axes. The calculations have been performed for the case 
when the ohmic resistances in branches L and С are equal 


Table 108 


Depth of Penetration o of Hi h-Frequency Currents 
(for a Straight Roun Copper Wire) 


Frequency, MHz ЕЗ 0.1 | 1 | 10 | 100 


о, mm | 0.65 | 0.21 | 0.065 | 0.021 | 0.006 


Notes. 1. Calculations for other frequencies and other mate- 


rials can be performed using the formula 


E V Rs 
o=503.3 uf 


where p is the resistivit (ohm mm?/m) 
the qnateria], and f—the frequency (H2). 
of the The depth of penetration is the distance from the surface 
the 28 wire at which the current density is e times less than at 
rface; here e is the base of natural logarithms (е = 2.72). 


p—permeability of 
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E. ELECTRIC OSCILLATIONS 
AND ELECTROMAGNETIC WAVES 


FUNDAMENTAL CONCEPTS AND ‘LAWS 


, Oscillatory variations of the charge, current, or voltage 

in an electric circuit are called electric oscillations. An alter- 

nating electric current is an example of electric oscillations. 
High-frequency electric oscillations are generated as a 

rule by means of an oscillating circuit. An oscillating circuit 

is a closed circuit containing inductance Г, and capacitance C. 
The period of natural oscillations of a circuit is 


T= 2n VLC (4.86) 


This relation is called Thomson's formula; it is valid in 
the absence of energy losses. When there are energy losses in 


resistance R), thi 
damped, and' MAY 


T= 2n 


1 R2 
LC ( zr) 
while the current i; cde | 
of damped oscillations ouit changes according to the law 


(4.87) 


а Se 
ile 21 gin we (4.88) 


| -Savart law (seo 165), a conduction 
Current induces a magnetic field with olet force lines, 
1 кал слайд conduction Current creates a variable mag- 
cm qeu a det oe 
not a conduction one; it is called 5), Бай this current, із 
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current is an electric field varying with time; it induces a 
variable magnetic field, like an alternating conduction cur- 
rent does, The density of a displacement current is 


‚ AD 

А 
Where D is the induction vector of the electric field. 
At each point of space a change in the induction of the 


electric field with time induces a variable vortex magnetic 
field (Fig. 71a). The vectors B of the induced magnetic field 


(4.89) 


AD 
At 


(a) D (5) 


Fig. 71. (a) Aj i i i thi 

y earance of a magnetic field when the induction of the 

есше field changes (Maxwell’s frst equation); (b) appearance of a vor- 

X electric field when the induction of the magnetic field changes 
(Maxwell’s second equation) 


are in a plane perpendicular to the vector D. The mathemat- 
ical equation ie ам this law is called the first Maxwell 
equation, б 

In electromagnetic induction an electric field with closed 
orce lines appears (a vortex field) which manifests itself as 
ES induced e.m.f. (see p. 169). At each point of space the 
mange in the magnetic field induction vector with time 
induces an alternating vortex electric field (Fig. 71b). The 
ectors D of the induced electric field are in a plane per- 
Pendicular to the vector B. The mathematical equation 
expressing this law is called the second Mazwell equation. 
вө е complex of varying electric and magnetic fields in- 
fay linked with one another is called an electromagnetic 


i It follows from the Maxwell equations that the change with 
те of an electric (or magnetic) field appearing at a point 
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i is will be atten- 
i m one point to another, and this wi HE 
КЕТТ et Смеа of the electric and mag 
ic fields. у Ec 
Шойгу waves are a process of LA ETE Те 
agation of variable electric and magnetic fields Е 
: The vectors of the e be 
and magnetic field intensities 
З (Е and H) in an electrons 
netic wave are perpendiculs’ 
to each other, while dos 
vector v of the propa d o 
velocity is утоа а a 
the plane in which the 12». 
vectors E and H are (Fig. ra 
sA This is valid for the propig 
Fig. 72. Mutual arrangement of gation of electromagne 
um Hes ES MERE п elec- Waves in unlimited spa M. 
5 The velocity of ргорава 


etic 
tion of electromagnet 
waves in a vacuum does not depend on the wavelengt 
and equals 


E 


c= (2.997 925 + 0.000 003) x 1019 cm/s 


" іа 
The velocity of electromagnetic waves in different med 
is less than that in a vacuum: 


~e (4.90) 
P 


where п is the refractive index of the medium (seo p. 198). 


1. The Electromagnetic Spectrum | 
The spectrum із plott du t logarithmic scale (390 
Table 109). cU Dus ee 

The first column indica 
in different units of length 


j та. Ways of generating and using the 
electromagnetic osci lations, 


, Low-frequency and radio waves have the lowest frequen- 
cies. They are generated by various oscillators. 
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Table 109 


The Electromagnetic Spectrum 


1 Э quency 
ength 
(H2) 


Range 


Name of - 
wave (or fre- 
quency) group 


Principal ways of 
generation and use 


105m 4-10 xp > 


10° km +-107!43x107 


10°km+ 10”. 


Low- Infralow Oscillators of spe-| 
fre- frequencies cial design 
quen- 
cy 
waves Low fre- 
quencies 
Industrial Alternating-current 
frequencies generators (alter- 
nators); most elec- 
trical appliances 
and motors are 
supplied with al- 
ternating current 
at 50 to 60 Hz 
Sonic (au- | Audio-frequency 
dio) fre- oscillators. Used 
quencies in electroacoustics 
(microphones, loud- 
speakers), cine- 
matography, and 
radio broadcasting 
Radio! pong Electric oscillators 
of various designs. 
—— ВОО 100 telegraph, 
radio broadcasting, 
Medium television, radar, 
etc. 
= 
Short 
Metre Used for studying 
the properties of 
а substance 
Decimetre 


192 Handbook of Elementary Physics 


Table 109 (concluded\ 


Wave Fre- Name of 
length quency | Range avo Ur Hes Principal ways of 
(H2) quency) group| generation and use 


Radio| Centimetre Generated in mag- 
Waves netrons, klystron 


à oscillators, and 

owe С illimetre | masers. Used in 
Т radar, microwave 

interme: spectroscopy, and 

iate radio astronomy 


I п. 

Imm ЫЫ 1Зхй''А | Infra- Radiation of hea- 
rays Decamicron | ted bodies (arc and 
aseous discharge 

amps, etc.). Us 
— — — ——,| in infrared spet- 
з troscopy, and for 
Micron photography in the 
dark (in infrared 


n— A тау) _ ,_ 


1 4 Light rays 

т n м ie 

I 340 Violet Near Radiation of Sun, 
Tays mercury-discharge 


I—— — — — — | lamps, etc. Used in 

ғ: ultraviolet micro- 

аг scopy, and in me- 

—— dieing: ___._ 

Genera -гау 

Tays Ultrasoft ты ет 

devices where elec- 

я Р |у шон having а 

nm я energy over 

T0 3x77 Soft are © decelerated. 

Se RENI Used in medicine, 

a Ed for studying the 

4 рэш" (E e 
Gan flaw detection 

ma- Appear in radio- 

Tays active decay 0 

nuclei, in the de- 

celeration of elec- 

trons having an 

energy over 105eV, 

and in other inter- 

Е actions of elemen- 

TC prp?! Used Na ccm 

flaw detection, and 

in studying the 

properties of а 

substance 
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Infrared rays are emitted mainly upon thé oscillations of 
molecules or groups of atoms. 

Light waves are emitted by atoms and molecules of a 
substance as a result of a change in the states of the electrons 
оп their outer shells (see p. 230). 

Ultraviolet rays have the same origin as light waves. 
X-rays are emitted as a result of changes in the states of 
ectrons on the inner shells of atoms (characteristic radiation) 
Or as a result of sharp deceleration of electrons and other 
charged particles. » 

Gamma-rays are emitted by excited nuclei of atoms and 
by elementary particles as a result of various interactions. 

Further information on certain properties of various kinds 
of waves is given in Chapter 5. 


el 


2. Radiation of Electromagnetic Waves 


Charged particles travelling with acceleration emit elec- 
tromagnetic waves. 

A dipole (see p. 129), the distance between whose charges 
changes according to the law 1 = Jy sin wt (provided that 
о <A, where А is the length of an electromagnetic wave) 
emits during one second the mean energy 


и= 1.11 X 10716929115 W 


where д is the charge of a dipole (in C). 7 

\пу conductor along which alternating currents flow is an 
emitter of electromagnetic waves. The most effective radia- 
tion occurs when the dimensions of the emitter are compatible 
With the length of the emitted wave. pa 

Onductors effectively emitting (or receiving) electro- 
magnetic waves are called antennas or aerials. т 
Ве density of the energy flux (the mean energy carried 
by electromagnetic waves in one second through an area of 
9ne square metre at right angles to the direction of their 
Propagation) is 


5=ЕН W (4.91) 


1 A current element iAl changing according to the harmonic 
aw i — I, sin ot generates at a distance r from it that is 
Much greater than the emitted wavelength 4 and the length 

е element Al an electromagnetic field with an electric 


13-0525 


194 Handbook of Elementary Physics 
field intensity Eg and a magnetic field intensity Ho: 
wiloma V IT MU = 
Eg— 7593 “zo 19 Gp Sin Osin (ot — kr) = 
= — 188.270 JL п-т (№) Vim (492) 
Но — 3 Ip D sin 0-sin (ot—kr) A/m (4.99) 
In these expressions 0 is the angle between the straight line 
connecting the current element iA! to the point of observa- 
tion and the direction of the conductor, and k — я is the 


wave number, i 
The total mean energy emitted by a current element із 
м 


TW — 788.6 (+)’w (4.94) 


CHAPTER V 


OPTICS 


FUNDAMENTAL CONCEPTS AND LAWS 


Light is electromagnetic radiation with a wavelength from 
0.4 to 0.8 um. A source of such waves are atoms and molecules 
in which a change in the energy state of the electrons occurs 
(see p. 228). 


1. Photometry 


il Photometry studies the intensity of light, brightness, and 
illumination both according to the visual perception by the 
eye and according to the radiant flux. : 
па; ® energy emitted by a body in one second is called the 
tidlated power. The energy transmitted by a light wave 
ough an area in one second is called the radiation fluz 
Tough this area. The radiation flux estimated by visual 
Perception by the eye is called the luminous flux. Since the 
snsttivity of the eye varies for different wavelengths, the 
age between the radiation flux and the luminous flux is 
8i ferent for different wavelengths. Usually in daytime 
of 588 the eye is most sensitive to light having a wavelength 
55 550 А. The ratio of the radiated power at a wavelength of 
ОА to the radiated power at a wavelength of À causing 
i e same visual sensation is called the relative sensitivity of 
Enn eye, or the relative luminosity (K,). The graphical depend- 
те of К, оп А is called the curve of relative luminosity. 
to jp twilight vision the eye has the maximum sensitivity 
ight with wavelengths of about 5070 A. 
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In daylight vision one watt of radiant energy with a wave- 
length of 5550 À corresponds to a luminous flux of 680 lumens 
(see below). In twilight vision one watt of radiant energy 
with a wavelength of 5070 À corresponds to a luminous flux 
of 1745 lumens. | 

The luminous intensity (I) is the luminous flux emitted БУ 
a point source of light into a unit solid angle: 


I= (5.1) 


where АФ is the luminous flux, and AQ—a small solid angle. 
_ The candela (cd) has been adopted as the unit of luminous 
intensity. 

A standard of a special design is used to determine the 
luminous intensity equal to one candela. Its radiation cor- 
responds to the radiation of a black body (see p. 213) at the 
solidification point of platinum (2042 К). The luminous 
intensity emitted by Euch a source in the direction of a nor- 


mal to its surface from an area гач cm? equals опе candela. 


The unit of luminous flux is the lumen (Im). One lumen 
equals the luminous flux contained in a solid angle of one 
steradian at a luminous intensity of one candela. 

‚ The illumination (E) is the luminous flux per unit of area: 


АФ Р 
= 2) 
x AS ipa 


"ids AS is the area of the surface receiving the luminous 
(is units of illumination are the lux (Ix) and the phot 
1 lx = 1 пала? and 1 ph = 1 1ш/сш? 

Es illumination E of a flat surface created by a point 


Ds I cosa 
mc 
where J is the luminous intensit 


illuminated surface, and ®—{һе а 
of the luminous flux and a norma 


y, r—the distance to the 
ngle between the direction 
1 to the surface. 
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The luminance (B) is a measure of the radiation of a lumi- 
nescent surface: 


I 
B= (5.3) 


where S is the area of the visible surface (the projection of 
the observed surface onto a plane perpendicular to the direc- 
tion of observation), and /—the luminous intensity. 

The units of luminance are the nit (nt) and the stilb (sb). 

One nit is the luminance of a source which emits light 
with an intensity of one candela from 1 m? of luminous 
surface; 

1 sb — 10* nt 


. The luminance of the standard used to determine luminous 
Intensity equals 60 sb. . 

The intensity of light is the average flux of electromagnetic 
waves through a unit of surface at right angles to the direc- 
lion of propagation of the waves in time. The intensity of 
light is proportional to the square of the amplitude of E 
(or H) (seo p. 193). 


2. Principal Laws of Geometrical Optics 


It is assumed in geometrical optics that in a homogeneous 
medium light travels in a straight line. uu 
e angle of incidence is the angle between the incident 
Tay and the normal to the interface between two media at 
е point of incidence. The angle of reflection is the angle 
etween this normal and the reflected ray. The angle of 
refraction is the angle between the normal and the refracted 
y. 


When a ray is incident on the interface between two media 
the angle of incidence is equal to the angle of reflection. The 
ты ray, the normal, and the reflected ray all lie in the 

© plane. ч 

Тһе magnitude of reflection is characterized by the reflection 

Toefficient о, which is equal to the ratio of the energy flux 

n the reflected wave to that in the incident Wave. |. 

а reflection coefficient is frequently expressed in per 

ont kinds of light reflection are distinguished depending 
the properties of the interface. 
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If the interface has irregularities whose dimensions are 
considerably smaller than the wavelength of light, then 
regular (or mirror) reflection occurs. In this case the incident 
parallel rays of light after reflection remain parallel. 

If the irregularities are arranged chaotically on the reflect- 
ing surface and have dimensions compatible with the wave- 
length of light, diffuse reflection occurs. In this case the 

arallel rays of light after reflection stop being parallel; 
however; if h созі <A (h is the size of the irregularities, 
and i—the angle of incidence of the rays), mirror reflection 
will occur. A 

The ratio of the sine of the angle of incidence to the sine 


of the angle of refraction is constant for a given wavelength. 


` The incident and refracted rays, and the normal to the plane 


at the point of incidence are in one plane: 
SEE. (5.4) 
snr 

The quantity n is called the relative indez of refraction of 


the second medium; it equals the ratio of the velocities of 
light in the two media: 


v 
n= 


2 


The index of refraction with respect to a vacuum is called 
the absolute indez of refraction of the medium. The value о 
n depends on the wave ength. 

Tay passing fr 
fraction to one with a smaller in 


Sin ig; = 2 
n 


where n is the index of refraction of the medium in which 
total reflection occurs relative to the medium in which the 
light propagates. 


The rays of light passing throu h a prism are refracted 
(Fig. 73). The angle P of the pris is dalled the refracting 
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or prism angle. The continuations of the entering and emerg- 
ing rays form the angle 6 called the deviation angle: 


ó—iü-i—P, P-—ncdr 


The angle 6 is the smallest (for a given value of the angle P) 
when i, = i, (and, therefore, г; = го): 
min = 2% —P 
, The index of refraction of the glass п from which a prism 


n made can be calculated by the 
ormula 


NE 
sin -5 (ómin d- P) 
n = ————————— 


sin a P 

2 Fig. 73. Path of mono- 

T : chromatic rays in a prism 

е maximum prism angle at 3 t 

Which the rays still pass through the refracting faces is 
Pmax = 2icr 


Where icy is the critical angle of total reflection. 


3. Lenses. Optical Instruments 


fai iens is a transparent body confined by two curved sur- 

the lens is called thin if its thickness is considerably smaller 
ап the radii of curvature of its surfaces. 

pune straight line passing through the centres of curvature 

Of the surfaces of a lens is called its principal optical azis. 

at 91е ОЁ the surfaces of a lens is a plane, the optical axis is 
tight angles to it (Fig. 74). Р 

8 е point of a thin lens through which rays pass without 
anging their direction is called the optical centre of the lens. 
? principal optical axis passes through the optical centre. 

M other straight line passing through the optical centre 

б а lens is called its secondary azis. The point at which rays 

entes t that are parallel to the principal optical axis before 

f ering a lens converge after passing through it is called its 

ocus, 

NI plane passing through the focus at right angles to the 
Dcipal optical axis is called the focal plane. 
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The formula of a thin lens (Fig. 75) is 


к 5.5) 
= ( 


where a; is the distance from the lens to tlie object, Ted 
distance from the lens to the image, —f = fa = f—the Aio 

! length of the lens, гу and г.— 1 
radii of curvature of the spherica, 
surfaces confining the lens, ааа 
п — ће relative index of refractio: 
of the lens material. m^ 

In formula (5.5) the quantis. 
ау, аз, тр, and г, are considere mel 
Fig. 74. Principal ele- Бе positive if their directions W. ‘i 

ments of a thin lens Measured from the optical cen e 

of the lens coincide with the а 

tion of propagation of the light; otherwise these quanti 
are considered to be negative. 


Lenses are the principal element of many optical instru- 
ments, 


The eye, for example, if 


pu of a lens is played b 
ens, while the image of a 


àn optical instrument where the 
y the cornea and the eye 
n object is obtained on the reti 


ге of ine lens of the eye. 

Many optical Instruments are intended for obtaining the 
images of objects on а Screen, on 
the eye. 
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The visible magnification of an optical instrument is 


Where Ф, is the angle of vision when observing the object. 
through the instrument, and q,—the angle of vision when 
observing with the naked eye the object, which should be at. 
à distance of 25 cm from the eye (for a magnifying glass and 


о Fig. 76. Path of rays in а magnifying glass. — 
bject AB is in focal plane F. The image is obtained at infinity (rays I 


and 2 are is al ible when the 
are parallel). Such an arrangement is also poss 

bject is near md plane A;B;. image A,B, will be virtual (on the: 

ntinuation of rays 2 and 3); it will be at a distance from the eye 


that is the most convenient for viewing it 


thaicroscope) or at the same distance as when looking through 
© instrument (for telescopes). . Moe 
th n lens in an optical instrument facing the object is calle 
епо Objective, and the lens facing the eye—the ocular, or 
cUePiece. In technical instruments the objective and eyepiece: 
inne of several lenses. This often eliminates errors 1n the 
es, 1 
The magnification of a magnifying glass (Fig. 76) is 


— 250. (5.6) 


Га2= 
where f is the focal length of the magnifying glass in mm. 
e magnification of a microscope (Fig. 77) is 
— 250. (5.7) 
Í obj Í eye 
w 


here у bjective and 
obj and are the focal lengths of the objective a 
the eyepiece in Am respectively, Е A—the distance from 
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Fig. 77. Path of Tays in a microscope. 
AB is the object; Q,—the objective o: 
а magnified inverted and real 
the object is in focal piane Е, 
"which it is observed 1 lens Os 
object A,B, is obtained in focal plane F, of the crystalline 
ot the eye. $ 


Fig. 78, Path of ra 
Rays 1, A a impinge on objective О, 1 plan 
зп а parallel beam. The i ocal p. 
P ot objective О: and Ere ч point 1 is obtained in f 


ys in a telescope. 
ı from one point of a remote object 
mage of this i а poin 
e Ti 
of the remote object also im; inge on ОБУ SS хох. s чес 1 be A 
(anat a different angle to the optical ахы са rays also give & 
image of point 2 in focal plane F. The image of points 1, 2 is observ 
through the eyepiece like through a magnifying glass 
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the rear focus of the objective to the front focus of the eye- 
piece in mm. 
The magnification of a telescope (Fig. 78) is 
f 
pah (5.8) 
feye 
‚ Where fons and feye are the focal lengths of the objective and 
e eyepiece, respectively. 
á Тһе reciprocal of the focal length is called the power of 


1 


phe unit of power of a lens is the diopter (D) equal to the 
p er of a lens with a focal length of 1 m. : 
to he power of two thin lenses combined together is equal 
the sum of their powers. 


4. Wave Properties of Light 


nelnterference. When two (or more) waves travel simulta- 
ties in a medium, at each point of the medium the par- 
moti, simultaneously participate in two (or more) oscillatory 
mi; lons. The resulting displacement of a particle is deter- 
Eo the rules of summation of oscillations (see p. (ы 

the propagation of several electromagne ic waves 
isclllations of the vectors of the electric and magnetic field 
Stic of the waves E and Н at each point of space are 

mated like vectors (see p. 17). 
Period summation of two (or several) wa 
3 leading to an increase in the amplitude © 
am reve in some points of space and to diminis 
Plitude in other points is called interference. А 
lenti example, if two plane electromagnetic waves with 

ical amplitudes and directions of propagation 


E, = E, sin (ot — kz) 
E, = Ес sin (ot — Кто) 


have 
Ye travelled the paths тү and т; from their source to the 
Point of their observation the resultant wave is determined 


© expression ed 
— т 
Е ЕЕ cos E270. ea Е sin Го = 5 | ] 


ves having identical 
litude of the result- 
hing of the 
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When Beca) i тл (where m= 1, 3, 5, ...), 


the value of E, equals zero; the difference in the paths of the 
waves т, — тү = -- mA, i.e. equals an odd number of half- 


waves. | " 
If light travels different paths z, and z, in media having 
different indices of refraction n, and no, then upon summation 
of the waves the minimum value of the amplitude of t A 
resultant wave will be observe 
FE TUO = т}, (where т 
| is an odd integer). ical 
The product of the geometrica 
d path and the index of refraction 
of the medium is called the optica 
path, 
^2 The interference of any waves 
1 (including light waves) appears 
Fig. 79. Interference of only when the interacting wae 
rays, impinging on а have the same frequency an 
plane-parallel plate a phase difference at each point 
that does not depend on time. 
Sources emitting such waves are called coherent. For the 
interference of polarized waves (see p. 207) their planes of 
polarization must also coincide. ы 
Coherent sources can be created only artificially in optics. 
The colours of thin films when illuminated by natural light 
depend on the interference of rays 7 and 2 (in reflected light), 
or of rays 7’ and 2' (in transmitted light) (Fig. 79). 


. The optical difference in the paths of the interfering rays 
in this case is 


A —2dn cos ro 
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The intensity of waves in diffraction phenomena can be 
approximately calculated with the aid of the Huygens- 
Fresnel principle. According to this principle the points of 
a wave surface (p. 109) are centres of imaginary coherent 
Sources which emit spherical waves. These waves are called 
elementary. 

The enveloping suríace of the elementary waves is a wave 
surface fora following moment of time; it appears as a result 
of interference of the elementary waves. 


Fig. 80. Di ig. 81. Diffraction of parallel rays by 
Parallel rays tye opie IGE ERs a diffraction grating. ү 
slit. — lens, O—optical centre of lens, 
ABclens, O—optical AB S—screen in focal plane of lens 
ite of lens, S—screen 
n focal plane of lens 


It is assumed that the enveloping surface travels only in 
e direction from the wave surface (in the direction о 
Opagation of the wave). 1 addis 
In the difiraction of à гапы] beam of light impinging 
normally on a long narrow slit, the intensity J; Ё of the waves 

Propagating at the angle p is determined by the relation 


Ig — Io sin? (= sinp) / (2 in)” 


Where Г, is the intensity of the waves travelling in the direc- 
tion В = 0, b—the width of the slit, B—the angle between 

Normal to the plane of the slit and the direction of propa- 
gation of the diffracted rays (Fig. 80), and À—the wave- 
ength of the light. 


206 Handbook of Elementary Physics 


The directions in which the intensity of the diffracted 


light from one slit equals zero are determined from the con- 
dition 


sinBminm* — (n—1,2,3,...) (5.9) 


roup of a large number of narrow parallel slits having 
араа and arranged in a plane at equal И 
Írom one another is called а plane difjraction grating. that 
distance equal to the sum of the width of one slit and duni 
of the space between adjacent slits is called the cons 
or period) of the diffraction grating. s 
: Figure 81 is a schematic view of a diffraction grating. The 
directions in which the maximum illumination wi ‘tion 
observed on a screen are determined from the conditi 
(with normal incidence of the light) 


dsinBmax— mi — (m—0,4, 2, ...) (5.10) 


where d is the grating constant. 
The directions in which the in 
determined from condition (5.9). 
the principal minima. of 
Apart from these directions there is also a number 18 
others in which the intensity of the diffracted light equa 


Zero. The directions for the additional minima are deter- 
mined from the condition 


i i re 
tensity will equal zero а 
These directions are calle! 


sin f. a eine 


d 


where М is the number of slits i 
The interval of wavelengths 
grating (AX) is determined from 


n the grating. 2 { 
resolved by a diffraction 
the condition 


The diffraction of light waves does not allow us to dis- 
tinguish the most mi 


изв. minute details of objects with the aid of 
optical instruments, 


‘ical | no matter how great their magnifi- 
cation is, 
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. The smallest distance between two points at which their 
images do not merge is called the least resolved distance of 
an optical instrument (8). 

For a microscope the least resolved distance is 


A 
———— 5.41 
8> 2nsinu (5:14) 


Where u is the aperture angle (half the angle subtended by the 
extreme rays from a point on the object which enter the 
Objective and reach the observer's eye or a screen), and n— 
the index of refraction of the medium. | > . 

Dispersion of light. The velocity of light in a given medi- 
"m depends on the wavelength. This phenomenon is called 
dispersion of light velocity. 


(a 
; Ning to dispersion a glass prism | 
light, consisting of radiation of different wavelengths, its 
tions, R t 
ES of the prism through a greater angle than rays having 

eater wavelengths (Fig. 82) uns 


in Sources the vectors E (and, hence, Н) ате oriented random- 
l (however, they remain mutually perpen 
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The plane containing the vectors H in a linearly polarized 
wave is called the plane of polarization; and the plane con 
taining the vectors E—the plane of vibration. : ic 

Natural light when reflected from the surface of a dielectric 
becomes partly polarized. The reflected light will be polarize : 
completely at an angle of incidence determined by the rela: 
tion 5.12) 
tan ig = n (5.12 
ndex of refraction of the dialects 
is reflected. The angle ig is calle 


where n is the relative ї 
from which the light 
the Brewster angle. 


Light passing through a dielectric is also partly polarized. 
When licht passes through some crystals (for example, 


quartz, Iceland Span, two rays emerge from them that are 
linearly polarize 


in the crystal the: 


Ар = КРИ, 
where К is a.constant depending on th f the sub” 
stance, P—the mechanical Pe о а of the 
deformed layer, and 4—the wavelength of the light. 
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The difference between the optical paths for both rays 
when an electric or a magnetic field is superposed on a sub- 
бе at right angles to the direction of propagation of the 
ight is 


Ав= 1.11 x 10-5ВЕ?И. and Ан -—1.58CH?lÀ 


Where B and C are the Kerr and Cotton-Mouton constants, 
respectively, E—the intensity of the electric field (V/cm), 
H—the intensity of the magnetic field (A/cm), and 1—the 
thickness of the layer of the substance through which the 
ight passes (cm). { 

, Some substances (for example, quartz, a solution of sugar 
In water) when linearly polarized light passes through them 
urn its plane of polarization. This phenomenon is called 
rotation of the plane of polarization. | : 

b he rotation of the plane of polarization is characterized 
Y the rotational constant (for pure substances) and the unit 
Totational constant (for solutions). 


The rotational constant a = i and the unit rotational con- 


stant [a] = 1009 , where ф is the angle of rotation of the 


Plane of izati —the thickness of the layer of opti- 

Cally ни number of grammes of 

Solute in 400 cm? of the solution. The value of [0] depends 

ispers concentration, temperature, wavelength (rotationa 

TSlOn), aj olvent. Рие 

ressure ‘ot light. “When electromagnetic waves iden 

Оп the surface of a body, they exert mechanical pressure on 1 
(called the radiation теззите). 


1716, Magnitude of the radiation pressure is given by the 
ormula 


p= (4p) (5-13) 


Whero W is th itv of radiation energy impinging nor- 

тацу on 1 быс Кы А a acon c—the velocity of light, 
P—the reflection coefficient. 

т The pressure exerted by the Sun's rays on the panita 

urface on a bright day is equal approximately to 0.4 dyn/m: 

X 10-5 dyn/cm?). 
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5. Quantum Properties of Light 


d : H i in- 

The energy of any form of electromagnetic seis porte 

cluding light, always exists in the form of discre Soe ear 

These portions of energy, which possess the prop prd 

material corpuscles, are called radiation quanta ог P energy 

A photon is an elementary particle (see p. pi^ J adiation Y: 
of a photon e depends on the frequency of the r 


e= ћу 
н il 
where h= 6.625 x 10-27 erg-s is called Plane 


constant. 


TS hys- 

According to the fundamental principles of moderi Eu 4 
ics whenever the energy of a system changes by sa equa 
there is an equivalent change in the mass of the sys 


for 
to = (c is the velocity of light in a vacuum). Hence, 


an 
every photon emitted by a body its mass decreases by 
amount 
һу 
Ат=-- 


secrete 
Those properties of light which are due to the disc 
nature of radiati 


op? 
on are called quantum (or corpuscular) рг р 
erties, 
Light, like all 
possesses both 


ifesta 
effect is an example of the manifes f 


еб 
issive effect. 1. The number of As 
trons liberated by light in one Second (or the satum ial 
current) is directly proportional to the light flux (the spe 
composition of the light Temaining constant). "WT. 
2, The maximum velocity of the emitted electrons ру 
does not depend on the light intensity, but is determine 
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the frequency of the incident light. This velocity can be 
found by Finstein’s equation 


mv? 
hy 94- 2 (5.14) 
where hy is the energy of a photon, p—the work function 
(see p. 143), and m—the mass of an electron. 

3. For every substance there is a definite frequency below 
which the photoelectric effect is not observed. This frequency 
is called the photoelectric threshold (vtyr). It is determined 
from the relation 


hytpr— 9 (5.15) 


When semiconductors and dielectrics are illuminated, 
Some of their atoms may lose electrons, which, however (in 
Contrast to the photoemissive effect), do not escape through 

е surface of the body, but remain within it. This phenome- 
non is called the intrinsic photoeffect or the photoconductive 
efect. As a result of the photoconductive effect electrons 
appear in the conduction band (p. 145), and the resistance 
of the semiconductors and dielectrics diminishes. 1 

When the interface between semiconductors having differ- 
ent kinds of conductance is illuminated, an electromotive 
Shee appears. This phenomenon is called the barrier-layer 

Oboe ffect, 

he design of photoelectric cells, photoconductive cells, 
barrier-layor celle, and solar batteries is based on the phe- 
nomena of the photoelectric effect. 


6. Types of Spectra 


Any oscillation (a wave or a pulse) can be represented as 
the result of а Canaria Gn) of harmonic oscilla- 
ds (called harmonics for purposes of brevity) having 

ifferent amplitudes and frequencies (see p. 103). The aggre- 
Bate of amplitudes and frequencies of the harmonics w ich 
à complex oscillation (or wave) consists of is called a spectrum. 
amplitudes and frequencies (or more briefly a spectrum). 
a le coloured bands obtained when light is broken up by 
; Prism (or other device) according to wavelength is some- 
"mes called а spectrum (in the narrow sense o the word). 
sp, ated solids emit a continuous spectrum in which all the 
#0есіга] colours are present, one colour gradually merging 
to another, 


14* 
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In line spectra the intensity of radiation is high only within 
very narrow regions contiguous to definite wavelengths, 
while at other wavelengths it is practically zero. 

Line spectra are emitted by gases of low density. If such 
a spectrum is dispersed by a prism (or other instrument), 
narrow lines of different colours are obtained. The number of 
these lines and their wavelengths are characteristic for eac 
element. An analysis of the lines in the spectrum thus allows 
us to identify the elements which are present in the given 
substance. : 

The molecules of a substance produce a spectrum consisting 
of a great number of closely arranged lines grouped into 
Separate bands. Such spectra are called band spectra. 

The spectra of heated bodies are called emission spectra. 

The dependence of the absorptivity of a substance on the 
wavelength of light is called an absorption spectrum. The 
latter may be continuous, band, and line. 

In the emission spectra of sources of light whose internal 
zones are surrounded by colder layers of vapour, narrow 
absorption lines are observed. They are due to the absorption 
of the light by the vapour in the outer layers. Gases greatly 
absorb such portions of the spectrum which they themselves 
emit being sources of light (the Kirchhoff-Bunsen law). This 
phenomenon is called the reversal of spectrum lines. 3 

The Fraunhofer lines in the solar spectrum are absorption 
spectrum lines appearing as a result of the absorption 0 
radiation of definite wavelengths from the continuous solar 
Spectrum by vapours present in the atmosphere. 


7. Thermal Radiation 


Heated bodies emit invisible A 

‘ waves—the so-called ultr 
violet and infrared waves, in addition to light waves. 
Хата оѓ ultraviolet waves (see Table 117) is less that 

00 A, and that of infrared waves exceeds 8000 A. 


The electromagnetic radiation generated by the thermal 


is ion of atoms or molecules is called thermal or heat radia- 


The distribution of the emissive 
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аи the inclined one; the figures on the curves indicate the 
absolute temperature. 

body which completely absorbs all the radiation incident 
on it is called a black body (or a perfect absorber). Such a body 
©ап be made in the form of a hollow box with a small aperture. 


03; 5 0?, 5 Dz 5 ! 2 54m 


Emissive power, W/cm? pm 


d 
YW, YY A I ZZ 
A UZA 


20 50 700 — 509 00р 
ph ben Am 
Fig. 83, Radiation of black body at different temperatures 


to pe ratio of the radiated power from a unit of surface area 
© corresponding interval of its wi avelengths at a given 
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Е а 
temperature is called the emissive power or emittance of 


body Ерт. Y к 
The emittance equals the power radiated from a ша E 
surface area per unit of wavelength interval at a given 
erature. "e 
К The ratio of the radiated power absorbed by a umso 
surface area of a body to the power of the radiation. E 
incident on this surface with a unit interval of waves I dy 
is called the absorptive power or absorptance Ауу oi the 
at a given temperature. б E id 
he emittance at a given temperature is proportional 02 
the absorptance at the same temperature (Kirchhoff's 


Exp _ (5.16) 
Ap OT 


А 3 dies 
where езт at a given temperature is constant for all bo 
For a black body at all wavelengths А ут = 1 and, conse 
ently, Er = ёл, 
"The power radiated at all wavelengths by a black body (е) 
is proportional to the fourth power of the absolute temp 
ture T (the Stefan-Boltzmann law): 


= = oTt (5.47) 


where the proportionality factor (the Stefan-Boltzmann con- 
stant) o = 5.67 x 10-12 W/cm? .K4, 


Inspection of Fig. 83 shows that there is a definite wave 


diim Amax at which the radiated + А 
ab ed power is maximum 


lack body the wavelength corresponding to the maximue 
radiated power is inversely Proportional to the abso 
temperature Т (Wien's displacement law): 


AmaxT = су (5.18) 
where c, is a constant equal to 0.2898 cm.K. 
The emissivity of a black body is 


2лс? h 


АВ ТМ) 1 


(5.19) 


Equation (5.19) is called Planck's formula; here c із E» 
velocity of light in a vacuum, A—the wavelength, k— 
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Boltzmann constant, and h—the Planck constant. The func- 
tion (5.19) is shown graphically in Fig. 83 (for different tem- 
peratures). 
TABLES AND GRAPHS 
Table 110 


Relative Luminosity K; for Daytime Vision 
(see Fig. 84) 


Wave- 
length, 


6 47 
.06 
.01 
.0041 
.00105 
.00025 
.00006 


oooooo 


A Note. The values of the relative luminosity vary for differ- 
E people. They. do not vary very greatly, however, for peo le 
th normal vision. The table gives the average values of K}. 


uminosity for daytime and twilight (dash 


Fi 
Ш&. 84, Graph of relative 1 y 
curve) vision 


Table 111 
Luminance of Illuminated Surfaces 


inance, 
Illuminated surface Тюш 
i= 
C ROTOR arr rue rok EAA A 5-20 
Sheet of white paper (under illuminance of 4 
9050 IOR) изза А 10-15 | 
Snow in direct sunlight . . . . а 3x103 
Moon'E&sürfare ee 2.5X10 
Table 112 


Luminance of Various Light Sources 


Luminance, nt 
—— |: s | Жл a 


15x108 
12x 108-15 x 105 
2 15X107 
1.5x106-2x 108 


Ditto in argon 
Ditto in air (nitr 
Ditto in helium 


Table 113 
Illumination in Some Typical Cases 
mE pucr Li e e ——Á 
Lighting Inumination, 
a a = = ГОО eee 


Sun’s rays at noon (middle 


latit 
During film shooting in studio. е) я te 000 
Open area on a cloudy day... |117 1000 
Light room (near window) ep, 100 
ork table for delica d 
Hore bate og te operations | 100-200 


Cinema screen 3 
Illumination from full moon | | 5 ^ ^ 
Illumination fr 


Table 114 


Reflection Coefficient (p, %) for Glass and Water 
at Different Angles of Incidence 


Angle of inci- 
dence, 


degrees | o |20 | зо | 40 | 50| 60| 70 | 80 | 89 [90 


Substance 


Glass ..... 4.1]4.9|s.3]6.6|9.8|t8 |39 |91 |100 
Water |. llll a [B112:2[2.5|3:4/6:0|13.9 24.5 90.0100 
o. 


Note. For glass covered with a film of silica having an index 
of retraction oF 1.5, рас 2.5 at normal incidence. For glass with 
a film of silica having an index of refraction of 1.9, p= 0.8 at 
Normal incidence. 


Table 115 
Reflection of Light Passing from Glass into Air 
во" 60 


Angle of incidence | 0° | 10° |20° 393p" 


m 


Angle of refraction 15°40'|32° 19° = 


82° Joo 


n 


Fraction of геПес- 


ted energy In V. ат 4.7 [5.06.8] 12| 96] 47 100800 


ing an index 


of Note. The table has been compiled for glass hav le of com- 


Tefraction of 1.56, for which the maximum angl 
ete reflection is 40°. 


gy mm SUE Ж? ША 


‚ТЕРЕТ 


Fig. 85 
пої ү. „Dependence of cocf- 
покі Of reflection of light 
glas gle of incidence at ai 
as interface (n = 1 
ized ео Чоп of plane-polar- 
the o aves (the direction of 
tor ров. of the vec- 
ү rpendicular to the 
Home of Mheen 2—reflec- 
$— rege om Polarized light; 
B section of plane-polar- 
the aves (the vector Е is in 
ргы ane Of incidence). The 
RR Ce 
ence when ligh 
Passes from glass to air 


Reflection coefficient 
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Table 116 
Wavelengths of Visible Region of Spectrum 


i Boundaries, 
Colour Boundaries, Colour 
AM ere ge 3800-4500 Yellowish-green 5500-5750 
Dark blue... 1500-4800 Zellow > dps 
Light blue... - range 5 - 
Green sys 5100-5500 Red T tae 6200-7600 
Table 117 


Wavelengths of Ultraviolet Region of Spectrum 


ffect of radia- 
Range Е tion 


Boundaries, 
À 


== ——— "ANN || ы 
Long-wave ultraviolet 00 Suntan 


F 3150-38 i 
Middle-wave ultraviolet 2800-3150 Erythemogenic 
Short-wave ultraviolet 2000-2800 Bactericidal 


Vacuum ultraviolet . . | < 2000 Ozonizing 


Table 118 
Reflection of Light by Metals 


- я 
od 4 s |-б| в | з 3 
se (22/2 |= È |3 а 
Fs<|22| 8 |s| a | 2 G8|8 | 
—— 128515818 | ac} a | £ 'SB| & | a 
4880) — | — | 22 | xe | | 33 | a7 | 64 
2000) — | — |27 | ag | Z 36 | 22 18 
2510 во | 26 | зв | 34 | 38 |S | 38 15 
3 050 25 | 44 9 |44 | 37 |4 và 
3570 ва | 27 | 50 | 55 | 49 | ài |51 |6 
5000| 88 | 44 | 56 5 E 25 
6 000| 89 wa 37 EH EH 2 58 de 
7000) 87 |83 |58 |95 | 65 | se | ot | — 
8000) 85 | во | gi | о =, | 62 | > 
10000 93 | оо | 83 | 97 | 73 | g7 | 69 | — 
50 000) 94 | 98 | 90 | o9 | g% | a4 | 97 | — 
i0pO00lrov. Lagi ок [vos] рз р 
аа ыса 
Note. Т! 


„nyote. The figures in the table indi tion of the 
deut n %) reflected by a polished EA the fraction i inci- 
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Table 119 
Critical Angles of Reflection (in degrees) 


Substance ior Substance сг 


Water 

САЙ Us rw eu i Carbon disulphide 
Saf Lie Sear 3 Glass (heavy flint) . . 

Glass (light crown) . | 40 а ЕЁ 


——— 
i Note. The values of ier given in the table are for an inter- 
ace with air (for the D line of sodium, 5893 À). 


Table 120 


Wavelengths of Principal Fraunhofer Lines 


Line Element a, A | Line Element a, А 
Че rana ber iae seus a 
A 
Oxygen . 1621 b Iron, magnesium 5167 . 
5 Ditto . теат | "ee pito: дез: 4957. 
c Ditto 6870 F Hydrogen 4861. 
a Hydrogen 6582.8] d Nh cst 4. 4668 
D Oxygen 6278.1| е Г Ө MEDI 4383. 
pi | Sodium 895.9] f Hydrogen 4340. 
р? DIO s ares 5890.0] G Троп. lues 4325. 
E? Helium 5875.6] G Iron, calcium |4307. 
b ERO цех = 5269.6 Calcium . 4226. 
м | Magnesium .. [5183.6 f | Hydrogen 4101. 
Еч MEO ru ia 5172.71] H Calcium . 3963. 
3 TORN ира 5169.0] А Ditto ..... 3933 


Table 121 


Index of Refraction for Wavelengths Corresponding 
to Selected Fraunhofer Lines 


Fraunhofer line A B D F Hi 
Wavelength, À 7590 | 6870 | 5890 | 4860 3970 
© 
8 
S| Саты i 629 | 1.654 
S on disulphide . . |1.610 | 1.617 | 1-822 | t* 
E ну! alcohol ме: [i399 | £2880 | 4-988 1-291 
ass (light ‚ [1.510 | 1.5 1515 | 1: 
Q Water’ йы ROT і 329 | 1:331 | 1.333 | 1.337 
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Table 122 
Index of Refraction of Gases 
Gas or vapour n Gas or vapour n 
1.000 606 Hydrogen sul- 

Nemo жа 1.000 292 phide "e 1.000 641 
Ammonia ... 1.000 377 Мегсгшу.... 1.000 933 
Benzene . . . . 1.001 812 Methane... .| 1.000 441 
Carbon dioxide 1.000 450 Nitrogen 1.000 297 
Carbon  tetra- Oxygen | 1.000 272 

chloride... | 1.001 763 | Selenium ...| 1.001 565 
Chloroform .. | 1:001 455 | Sulphurdioxide| 1.000 737 
Helium vg 1.000 035 Tellurium . . .| 1.002 495 
Hydrogen ... | 1.000 138 | Water vapour | 1.000 257 

WNC. кана 1:002 050 
Note. The values of the indices of refraction given in the 


table refer to a wavelength corresponding to the yellow line of 
sodium (D) and have been reduced to ИНА ‘Corresponding 
to 0 °C and a pressure of 760 mm Hg with the aid of the rela- 


1 n— 
tionship 2 — const (for a given gas). 


Table 123 


Index of Refracti i iqui 
(at dS t hee ion of Selected Solids and Liquids 


D-Line of Sodium Relative to Air) 


Substance n Substance n 
L JM o ПИН 
Solids 
Diamond Ethyl ether... . 1.35 
Mill! Glycerine ..... 1.47 
Sugar’. > Methyl alcohol . . 1.33 
Topaz Sulphuric acid . . 1.43 
ze . Turpentine ....| 1:47, 
Liquids Water (20 °су...| 1.333 
gone | pm uus 
ip 1.504 1.51 
Canada balsam жс кыр 1.601 
Carbon disulphid 1.632 Glove se a be 1.532 
Chloroform . 1.449 | Olive 111...) 1.46 
Ethyl alcoho 1.362 | Parafin 5: 5:2. | 1.44 
Мд—®——_ MÀ el 
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Table 125 


Diffuse Reflection of Selected Materials in White Light 


Material 


Reflection, 
D 


% 


Reflection, 
Material % 


Cardboard, white 
Ditto, yellow... 
Cheesecloth .... 
Fatty clay (yellow) 
Materials coated 
with white paint 
Materials coated 
with yellow paint 
Moist earth... . 
Paper, blotting . . 


Paper, brown ... 

Ditto, chocolate 
colour 

Ditto, light blue 

Ditto, ordinary 
white 

Ditto, yellow . . . 

Tracing paper . 

Velvet, black... 

Wood (pine) 


Table 126 


Kerr and Cotton-Mouton Constants 


Substance 
а с SE eee 


Benzene... , ,, 
Carbon disulphide 
Chloroform ..., 
Water. v... 


Chlorobenzene 
Nitrotoluene 


Nitrobenzene ... 


. Notes. $. The values of B 
-20 °C anda Wavelength of sodium of 


2. The minus 
direction of whos 


whose oscillation: 


C, 10-13 
7.5 (26°C, 5800 А) 
—4.0 (28°C, 5400 A) 
—0.8 (20°C, 5460 A) 
—0.014 (20 °С, 5460 A) 
10.2 (25 °С, 5460 A) 
24.1 (20°С, 5890 А) 


are indicated for a temperature of 


5890 A. 


Sign indicates that the velocity of a beam, the 


i е Oscillations c i e field, 
will be greater than the velocity паа with that of th 


S is perpendicular to 


a beam, the direction О 
the direction of the field. 


pe MM à рН el 
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Table 127 


Unit Rotational Constant [a] at 20°C 
(in angular degrees/dm) 


Е Сопсеп- 
Substance Solvent [a] (^ = 5893 A) tration 
p 


Cane sugar .. Water 
Glucose . |., | Ditto 


Tartaric acid i D 

а ри es 

carpentine " Pure Ei pd 

Guimine °°" | Bio | ted n 
f ж» o —16 

Mandelic acia ` | Water +156 


———— 
эйр te. The minus sign indicates that rotation is counterclock- 
tho poris" looking at the substance against the direction of 


Table 128 
Rotary Dispersion at 20 °C 


Cane su Р 
Bar іп wi a i water uartz (along 
(10.26) ater Tartaro acil ipy Оса а) 


y 1 kelvin, the value 
lue (for А = 5893 À). 


ot ae When the temperature rises b 
*] grows by 0.003 of the original va 
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Table 129 
Emission Spectra of Metals and Gases — 
Zinc 
Alumi- Copper Mercury Sodium | Cadmium (arc in 
[INE SB MDC 
3083 3248 3126 5889.97 o| 3261 ds 
3093 3274 3131 5595.93 o 3404 2078 
3944 v | 4023 » | 3650 ~~ | забо Иа 
3962 v 4063 v 4046.8 v 3611 4122 b 
A663 b | 5105.5 g| 4358.3» 3982 » ilt 
5057 g | 5153.3 g| 4916.4 4413 b i 
5696 y | 5218.2 | 4959.7 g 4678 b 19520 
5723 y | 5700 5460.7 g 4199.9 b | 492 
5782.1y | 5769.6 y 
5782.2 | 5790.7 y 
6152.00 
6232.00 
n 
Nitrogen | Argon Hydrogen| Helium | Oxygen | Neo 
(in gas discharge) 
5754 3919.0 | 4101.7 | 3888.6 | 5200 d 
5803 4014.4 | 4340.4 | 20262 5300 Ni. 
5853 4158.6 | 4340.5 | 11205 (band) ED 
5904 4164-2 | 4861.58 | 50157 5550 n 
5957 4181.9 | 1867-26 | 5875.6 | 5640 T ea 
6012 4190 6562.74 | 8678.1 | (band) ич 
6068 4191.0 | 6562.85 7065.2 589 a 
6251 1198.3 — 5341-1 
0321 1200.7 pus 
6393 4251.2 iw 
6467 4259.4 5852.5 
6543 1266.3 I 
6622 4212.2 HE 
6703 1300.1 6143. 
6787 1333.6 Ee y 
6383. 
4335.4 0:2 
5506 
7173.9 
1245.2 
EXE . 
пало are Wavelengths were measured in air at 15°C 


2. The colours of the visible 
letter of the correspondi 


ing colour 
3. The brightest lines fae un 


t 
lines are denoted by the firs 


ned. 
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Table 130 
Luminous Efficiency, Efficiency, and Luminance 


of Selected Light Sources 


- Luminance, 
Type of lamp Im/W „к nt 
We c Mas) од | зоб 5x105 
SONA Eis еп BIA | d 1.6 | 2460 | 15x105-20x 105 
50-watt, as-filled, в 
Бел afament ze 10 1.6 | 2685 0510 
-watt, as-filled, : ? 
dupgsten niment x 17.5 | 2.8 | 2900 10 
-watt, gas-filled, 3020 | 13x109-15x 106 
tungsten hlament..| 21.2 | 3.5 15x107 
Voltaic аго, с. мш 4 ELLA crater 
es .5x 
Luminescent lamp . . | 40-60| 6.4 : 
АА. 


; i f the total 
" iciency is the ratio о ч 
vals to me Doner oF б stt et i Дан Бит 
h ici is the ratio f light: 
wavelength debt Ао tno power used Н р шаан 


a= 58077 
wer used by 
Where Р is the light flux in Im, and W—the ро 
е source in W. 


mes MEN s 


Table 131 
ie Threshold 
Electron Work Function and Photoelectric 
Mop 
ү thr 
Substance | HS 
ee di 
5.15 
fibrous ОХА occ ge ie 4.8 A 980 
Зоо емне Tm 215,14 A 
T bromide .6 
Orium on tungsten . . T 10 i 910 
Sodium on tungsten 1.36 $090 
“sium on tungsten 1.21 00 
Ditto on platinum 1.1 11 ui 
marium on tungsten .0-1. 


um oxide on oxidiz 


т 
to 
i 
= 
S 
г 
= 
E 
Ls 
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CHAPTER VI 


STRUCTURE 


OF THE ATOM 


AND ELEMENTARY 


PARTICLES 


KRUNDAMENTAL CONCEPTS AND LAWS 


1. Units of Charge, Mass, and Energy 
in Atomic Physics 


The unit of charge is the elementary charge 
e= 1.60 x 10-19 С 
The uni š 1 of the 
e unit of mass is taken equal to — of the mass 


carbon isotope (see p. 230) with an atomic mass of 12. This 
unit is called the atomic mass unit (amu); 


1 amu = 1.66 x 10-24 g 


Y ls 
The mass of the lightest atom —th h tom—equa 
1,008 amu. ^ олтон 


The unit of energy is the electron-volt (eV), see р. m 

1 eV —1.6 10-19 Ju 4.6 x 40-12 erg 
The moments of momentum of particles (or the angula" 
momenta) are measured in the units №. The magnetit 


eh. 


2n" 


moments of electrons are measured in the units Tame ' 
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this unit is called the Bohr magneton. In the latter expres- 
sion h is the Planck constant, e—the charge of an electron, 
m—its mass, and c—the velocity of light in a vacuum, The 
magnetic moments of nuclei are measured in nuclear magne- 
eh 


Tale’ where M is the mass 


tons; a nuclear magneton equals 
of a proton, and e is its charge. 


The Bohr magneton pg = 9.273 X 10-21 erg/Gs 
The nuclear magneton pg = 5.050 x 10-24 erg/Gs 


2. The Rutherford-Bohr Model of the Atom 


" e centre of an atom consists of a positively charged 
cleus around which electrons revolve in definite orbits. 
© mass of an atom is concentrated primarily in its nucleus. 


n=. 
n=2 
n=] 
C» 
220 Lo ЖЕ 
l=] {#1 
1-2 
Fig. 86 i i 
* 56. Possip] its t in a hydrogen atom (for differ- 
е е orbits of the electron y : 
nt quantum ee] M RO semimajor axes of the ellipse are in the 


ratio of the squares of integers 12:22:32:12, etc. 
The nucleus of the hydrogen atom is called а: proton. The 
888 of a proton is 1.66 X 10-24 g, and of an electron is 


9.44 X 49-28 g ( 1 of the mass of a proton . The charge. 


1836 à 
diat, electron or a proton equals the elementary electric 
a The number of elementary charges of a nucleus equals the 

Heu number of the relevant element in Mendeleev's 
eq lodic Table. The number of electrons in a neutral atom 
uals the number of elementary charges of the nucleus. © 
Tate]. Motion of the electrons in an atom can be approxi- 
orbit," described as motion along definite circular or elliptical 
3 around the nucleus (Fig. 86). These orbits are called 


15* 
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j а е leus 
stationary. When an electron revolves about the nuce 
along a stationary orbit, it does not radiate, notwithstanding 
the fact that it has acceleration. The radii of the station 
orbits are determined from the condition 


moarn =p n (6.1) 


where m is the mass of an electron, v, —its linear velocity; 
ry —the radius of the n-th orbit, h—the Planck constant, а 
n= 1, 2,3, .... ols) 
Definite values of the energy (discrete energy lev a 
correspond to definite stationary orbits ої the electrons (m. 
exactly, to stationary states of the atom). А bits 
The energy levels (W,) and the radii of the circular oF 


of the hydrogen atom can be computed by the formulas: 
2n2me^ 6.2) 

Wa — E | 
п?һ? 6.3) 

Tn = лете? | 


Ап atom radiates 


г n 
В electromagnetic energy if an electro 
jumps from a statio 


à пагу orbit farther from the nucleus 10 
one closer to it; an atom absorbs energy if an electron jum. 
from a closer orbit to a farther one. The magnitude OF, en 
emitted or absorbed quantum (portion) of energy һу is 81У 
by the condition 4) 
hv = W,— W, (8 
where W, and W, are the discrete energy levels in the atom 
before and after the transition of the electron. pits 
According to contemporary views, the stationary ОГ an 
do not represent the actual movements of an electron Ш r- 
atom, and the structure of the atom is interpreted in а differ 
ent way—with account taken of the wave properties 
particles (see p. 234). Th 


in 
he concept of the energy levels 
an atom, however, remains in force, 


3. Electron Shells and Many-Electron Atoms 


The state of an electron in an atom is determined by Tour 


uantum numbers. The main quantum number n determines 
the energy levels (or the major axis of the ellipse). The seco? 


Structure of the Atom and Elementary Particles 229 


quantum number—the orbital quantum number 1—із related 
to the semiminor axis of the ellipse and determines the shape 
of the orbit; Z varies within the limits from 0 to n — 1; 
when 1 = n — 1, the orbit is circular. The angular momen- 
tum (or moment of momentum) is determined by this number: 


p= УТО 1) №, where i = zm . The third quantum num- 


ber—the magnetic quantum number m—determines the orien- 
tation of the orbit in a magnetic field; the orbits are oriented 
so that the projections of the angular momentum pz onto 
the direction of the magnetic field equal integers (in units of 

): ру mh; m changes within the limits from —1 to +1 
_ Apart from the orbital angular momentum, an electron has 
its intrinsic angular momentum (spin) equal in magnitude to 


Т ЛЕЯ 1 е 

s(s-+ 1) л, where $ = +. This is the fourth quantum 
number, called the spin quantum number. The intrinsic an- 
gular momentum of an electron has only two projections onto 


the direction of the magnetic field: + y and — 7 (in units 


of A). It is customary practice to say that the spin of an 


1 а ; 
electron (or another particle) equals one-half (=) , it being 


Understood that the projections of the intrinsic angular 


Momentum equal + (+) л. 


The four quantum numbers determ 
ап electron. | 
ө electrons in an atom obey the Pauli exclusion principle: 
nly one electron can be in a given state. 
Pon the transition of an dlectron from one energy level 
ah another the quantum numbers change. Theory and practice 
ROM that the transition of an electron 1$ possible to such | 
ou when the change in Am equals 0 or +1, and the change 
equals 221. вый" А 
qu nan atom the complex of electrons having identical 
аап numbers n form a layer (or group); the complex of 
®ctrons having identical quantum num ers n and J form 
а shell, 
(ante layers are denoted by the letters K, L, M, М, etc. 
n hich corresponds to the values of the main quantum number 
= 1, 2, 8, 4, etc.); the shells are denoted by the letters 


of ine the energy levels 
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5, p, d, f, etc. (which corresponds to the values of the orbital 
quantum number І = 0, 1, 2, 3, etc.). "TES 

The maximum number of electrons in a layer is 2r inda 
distribution of electrons by layers and shells is give 
Tables 132 and 133. | 

The chemical properties of an atom are determined by tho 
electrons on its outer shell. Transitions of electrons in : 
shell create light and ultraviolet electromagnetic wave DT 

If an electron is removed from an inner shell of an atom S 
electron will spontaneously transfer to this shell from nr 
ones with greater numbers n. Such transitions are Е 
by the emission of line spectra of X-ray radiation C e 
characteristic. The wavelengths of these spectra are derem no 
only by the discrete levels of energy of atoms of the g 


substance. 
4. The Atomic Nucleus 


| à е d 
The atomic nucleus of any element consists of protons ан 
neutrons. А neutron is a particle having no charge an like 

a mass close to that of a proton; the spin of a neutron, 
that of a proton, equals 


Nuclei havin, 
of protons) b 
cal 


ed isotopes. The sum of the neutrons and protons !n 
nucleus is called 


=~ |А, 
( 2 ) Р 
g an identical charge (and an identical number 


1 her 
call (nuclear particles); they are bound toget 
inside the nucleus by special Res РАТЕ nuclear fors 
The nucleons in a nucleus are at discrete energy lev 
Nuclei in which the 


r—1.24!/3. fermi 
where А is the mass number, 
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The spin of a nucleus J consists of the spins of the nucleons 
and their angular momenta; the spin of a nucleus has a half- 
integral value with an odd number of nucleons; with an 
even number of nucleons the spin of a nucleus equals zero 
or an integer. Nuclear spins do not exceed several units (in 
the units i). 

A nucleus is designated by the symbol of the relevant 
chemical element with the atomic number as a subscript and 


300 p 
` д 
$ 20 P Led 
& Š El Radius of nucleus. 
М m 3 Egsp 
R Bl 
0 og 
EE 
a БЕД, x 
E © or AIAS 0 71810 
E pom i 20 Distance tram centre, Р 
ы ^ 
Fig. 87. С lea Fig. 88. Distribution of charge 
forces for Wehtical nucleons (for in a gold nucleus 


the case when 1 | J): 
Seve 1—central force; curve 
—Spin-dependent force; curve 

3—spin-orbit force 


27 
Ше mass n ipt (for example, Aly, stands 
umber as а superscrip В 
an aluminium with an atomic number of 13 and a mass num. 
er of 27), . тм 
The nuclear forces greatly change with a change 1n 
Istance; at a distance of 1 fermi the nuclear Е 
Protons are 35 times greater than the forces of electri 


i fermi 

ces of i at distances greater than 0.7 fermi, 

like forces of anne ‘at a distance of 2 fermi their action 

auo деп. Nuclear forces do not depend on the electric charg 
nd have’ th erty of saturation. 

Nuclear inde ee, three components: tho салта] 1000 
depending on the distance, the spin-dependent orce, i 
Spin-orbit force, which appears аз а result of curving | 
Path of one nucleon when it passes near another үш есп: 

Чгүез of the potential energies corresponding to t E - 
Ponents of the nuclear forces for identical nucleons are shown 
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in Fig. 87 (for the case when l |. J). The force equals the 
change in potential energy per unit of length. Ф... 
The size and shape of a nucleus are assessed according 
the dispersion of Jensen electrons. | а 
The electric charge is distributed unevenly in a nuc өш 
in the core of a nucleus the density is constant; the Mor 
surrounded by a shell in which the density diminishes. s 
radius of а nucleus is assumed to equal the distance from AE 
centre to the layer in which the density of the charge equa 
one-half its maximum value. Е in 
gu se non of the charge in a gold nucleus is shown i 
ig. 88. " 
Depending on the number of protons and neutrons, nuclei 
may have the shape of a sphere, cigar, or pear. 


5. Nuclear Transformations 


When a nucleus is formed by bringin together a certain 
number of protons and neutrons, the meen ot the resulting 
nucleus is less than the sum of the masses of the componen, 
protons and neutrons. This difference is called the mass defe¢ 
of the nucleus. 


The energy released when neutrons and protons combine to 
form a nucleus is called th 


iai ei (uranium, thorium , radium) spontaneous- 
ly disintegrate with the formation of new rios and the 


electrons, and high-energy photons 
(y-rays—see the electromagnetic spectrum), This property 
СИ 
s, e followin, /s: 
1. Radioactive decay does not ede бй. tha external 
conditions (temperature, Pressure, and chemical reactions}: 
2. æ- and y-paticles ‘have discrete values of energy; [д 
nou have different values of energy; B-decay is attende! 
шо of a ишо and an antineutrino. lei 38 

. in ange in the number of ioacti nuclei 

determined by the formula of radioactive 


N= Ne ML gq- vt (6-5) 
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where Мо is the original number of nuclei present at the time 
t= 0, N—the number of nuclei remaining at the time 4, 
T—the half-life—the time during which one-half of the 
nuclei disintegrate, and A—the probability of the disintegra- 
tion of one nucleus in one second (the disintegration constant). 


The quantity т = i is called the mean lifetime of a nu- 


cleus, 

4. The new nuclei formed after radioactive decay occupy 
Other positions in the Periodic Table of elements: upon 
-decay the atomic number diminishes by two, upon electron 

есау it grows by опе, and upon positron decay it diminishes 
У one. This law is called the displacement law. 
b Artificial nuclear transformations can be induced by bom- 
arding elements with protons, neutrons, nuclei of deuteri- 
um, helium or heavier elements, and also with y-rays. This 
enomenon is called artificial radioactivity. The transfor- 
Mations of nuclei in artificial radioactivity are called nuclear 
reactions. The latter may result in the formation of new radio- 
active isotopes that do not occur naturally on the Earth. In 
FM radioactivity nuclei mainly emit B-particles and 
ауз, 

The number of nuclear reactions K occurring in a substance 

uring one second when it is bombarded with a particle flux 

1s determined by the formula 


К = anP (6.6) 


Where no is the number of atoms in the substance, and o—a 
Proportionality factor called the effective cross section of 1 
hun ear reaction; this factor has the dimension of area үп 
^ Merically equals the probability of а nuclear reac ion 
ccurring in one second when one nucleus is bombarded wit 
ү having a density of one particle per square centimetre 
er Second, | 
ured e effective cross sections of nuclear reactions are meas- 
* In barns; 


4 barn— 10-24 cm? 


The affecti i i ticles is approxi- 
ective cross section for rapid particles ppro 
еу equal to the cross-sectional area of а nucleus, i,e. 

Ur} (го is the radius of the nucleus). 
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The average distribution of energy in the fission of one 
heavy nucleus is as follows: 


kinetic energy of neutrons . . 
kinetic energy of fission produc 
energy of y-radiation ...... MeV 
energy carried off by a neutrino 11 MeV 
energy ої fission products 

(B-decay and y-radiation)... 11 MeV 


Nuclear transformations are used for the release of nuclear 
energy by the fission of heavy nuclei (for example, uranium 
U?35) or the synthesis (combination) of light nuclei (for exam- 

le, hydrogen nuclei). Light nuclei can be synthesized at very 
igh temperatures (of the order of magnitude of tens an 


hundreds of millions of kelvins); such reactions are calle 
thermonuclear. 


6. Wave Properties of Particles 


Every moving particle has wave properties. For example. 
when an electron passes through a metal film, we obtain 4 
diffraction pattern similar to the difiraction patterns O 
X-rays and y-rays (Fig. 89).1 


Fig. 89. Diffraction of electrons on thin silver foil 


The wavelength of a particle is determined by the relatio? 


EN (6.7) 
mv 


where m is the mass of i А А and 
h—Planck’s constant, > the particle, v—its velocity, 
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7. Interaction of Nuelear Radiation 
with a Substance 


Electrons and positrons. The main kinds of interaction are 
elastic and inelastic scattering, and radiation deceleration. 
, Inelastic scattering is attended by ionization and excita- 
Чоп of atoms; these losses are called ionization losses. 

hen rapid electrons interact with nuclei, they are decel- 

erated with the emission of braking radiation (bremsstrah- 
ung), for example, X-rays. Such losses are called radiation 

sses, 

The ionization and radiation losses determine the length 
of the path of an electron in a substance. 

The absorption of electrons is described by the law 


Na= Мет (6.8) 


Where №, is the initial intensity of the beam of electrons, 
ori the intensity of the beam after it passes through a layer 
the substance with the thickness d, »—the linear absorp- 


Чоп coefficient (in cm7), Jt . mass absorption coefficient 


Which-has а roximately identical values in different sub- 
Stances (for EUR о aad p—the density of the substance. 
tomic nuclei, The radiation losses of atomic nuclei are 
aot Beas the main part is played by the ionization losses, 
whic] are determined by the charge and the velocity of the 
Particles. For example, an electron and a proton have er 
nme ionization losses at identical velocities. The length о 
? path of a particle, however (at the same energies) depends 
x its mass; it is smaller for heavy particips than for lig it 
ie For «-particles the length of the path (in cm) in air 
'n standard conditions) is determined by the expression 


R—0.309£9/? (6.9) 


Where E is the energy in MeV, changing from 4 to 7 MeV. 
of cUtrons. Neutrons interact with atomic nuclei by ME 
nent forces; two kinds of interaction are mainly dis- 
Ulshed—scattering and capture. ж $ 
toj et tering may be p and inelastic; in inelastic scat- 
ng the kinetic energy changes. Е 
ler severa] collisions neutrons are captured by the nuclei, 
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Gamma-radiation. The attenuation of „the intensity of a 
beam of y-rays is determined by the relationship 


I— [ge d (6.10) 


where 7, is the intensity of the beam when it enters the layer 
of the substance, d—the thickness of the layer, »—the linear 


attenuation factor, E _the mass attenuation factor. 


The main kinds of interaction are scattering on electrons, 
photoelectric absorption, and the formation of pairs. Я 

Two kinds of scattering are distinguished —coherent (for 
photons having an energy up to 10 keV) and incoherent (Com- 
pton). At high energies incoherent scattering predominates; 
it is attended by a change in the wavelength. À И 

Photoelectric absorption is connected with the interaction 
of a photon with an electron of an atom. It has the greates 
probability when the photon possesses an energy only slightly 
exceeding the binding energy of an electron. ы 

A photon having an energy greater than 2mc? (m is the 
mass of an electron, and c—the velocity of light) may trans- 
form near a nucleus into a pair of particles—an electron 
and a positron, which ionize the atoms of a substance. 

hus, the summary attenuation factor is 


B=o+t+x (6.11) 
where o, т, and x are attenuation factors taking into account 


Compton scattering, photoelectric absorption, and the for- 
mation of electron-positron pairs, respectively. 


8. Units of Radioactivity 
and Ionizing Radiation 


The unit of activity of radioactive preparations—the curio 
(Ci)*—equals the activity of an isotope in which 3.7 x 10" 
disintegrations occur a second. Submultiples of the curie 
are also used: the millicurie (10-3 Ci) and the microcurie 
(10-8 Ci). The mass of a radioactive element whose activitY 
equals 4 curie can be calculated by the formula 


M —8.9 x 10-447 g 
where A is the mass number, and 7—the half-life (in 3). 


* At present the activity is measured EL f disinte- 
grations a second (d/s) y гей by the number о, 
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. The magnitude of radiation measured according to the 
ionization of air it produces is called the irradiation dose or 
the radiation exposure and is measured in roentgens. The 
roentgen (r) is a radiation exposure under whose action ions 
carrying one CGSE unit of charge are formed in 1 cm? of dry 
air at a pressure of 760 mm Hg and a temperature of 0 °С. 
At a radiation exposure of 1 r the number of pairs of ions 
formed in a cm? of air is 2.08 x 10°. 

The dose related to a unit of time is called the power of the 
dose or the dose rate. Its units are the roentgen/hour (r/h), 
roentgen/minute (r/min), and roentgen/second (r/s). . 

The energy of any kind of radiation absorbed by a unit of 
mass of the irradiated medium is called the absorbed dose. 
It is measured in rads. A rad is the absorbed radiation dose 
equal to 100 ergs per gramme of irradiated substance (erg/g). 

A special unit—the man roentgen equivalent (rem) is used 
to take account of the different biological action of any kinds 
of radiation, 1 rem is the amount of energy absorbed by 1 g 
of live tissue when irradiated by any kind of ionizing radiation 
and causing the same biological effect as the absorption of 
а dose of 1 rad of X-ray or y-radiation; 


dose (in rem) = dose (in rad) X RBE 


Where RBE is the relative biological effectiveness depending 
9n the kind of radiation, the biological process being consid- 
ered, and the power of the dose. Approximate values of RBE 
are given below: 


X-rays and y-rays, clectrons..- еее 1 

«-particles, protons 100 
thermal neutrons . 
rapid neutrons . . . 
multiply charged ions . 


The RBE shows by how many times the biological action 
ОЁ a given kind of radiation differs from the action of X- 
or y-rays, 


9. Classification of Elementary Particles 


„Particles are divided into two kinds according to the mag- 
nitude of their spin—with an integral spin (0 and 4) and 


With a half-integral spin (+): Particles with a half-integral 
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spin obey the Pauli exclusion principle; particles with an 
integral spin do not obey this principle. — : hires 
According to their mass particles are divided into ht 
groups: baryons (heavy particles), mesons, and leptons (lig! 
articles). 
s A eal antiparticle corresponds to each elementary фо» 
ticle. Any pair of such particles is characterized by thr 
main properties: А А т, 
1. A particle and the antiparticle corresponding to 
have identical masses, spins and lifetimes. : а 
2. A particle and its antiparticle have electric charges: 
baryon (lepton) numbers, and strangenesses that are equ 
in magnitude but opposite in sign. d: 
3. The products of decay of a particle and the correspon 
ing antiparticle are also particles and antiparticles Wl 
respect to one another. for 
The baryon number is a quantum number equal to +4 
nucleons and hyperons, —1 for their antiparticles, and to 
for mesons and leptons. at 
The lepton number is introduced in a similar way; і 
equals -|-1 for leptons and —1 for their antiparticles. t5 
Among the various elementary particles we can separa 
definite groups having close characteristics (spin, mass) 
but differing in their charge. Such groups are called chargé 
multiplets; ior example, a proton and a neutron, pi-mesons. 


The particles in such groups are considered as different states 
of a single particle, 


he mean value of the ch icles in a multiplet 
а е charges of the particles in a 


© centre of the charge multiplet; for nucleons ! 
1 f 
equals tF ‚ for pi-mesons it is 0. 
The centres of the charge multiplets of ons are dis- 
placed relative t s mde 
Strangeness is a 


of the displacement of the cent 


i re of a charge multiplet. F° 
pi-mesons and nucleons the str. 


angeness equals zero. 


10. Transformations of Particles 


Owing to various kinds of interactions certain elementary 
particles transform into others, For example, upon Wea* 
interaction (which, however, is 1025 times greater than grav" 
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tational interaction) a neutron transforms into a proton, 
electron and antineutrino: 


n> р е +7 
mesons disintegrate according to the schemes 
utet v EV 
poem У--У 
пъ реу 
n py 
Collisions of particles and antiparticles are attended by 
transformations according to the following schemes: 


electron + positron — two gamma-quanta 


e- + et > 2y 


proton -++ antiproton — five pi-mesons 


pp? + 2л- + ло 


In the deceleration of high-energy y-quanta electron- 
Positron pairs are formed: 


yo ed et 


The process of interaction of particles and antiparticles 
and their transformation into other particles is called anni- 
hilation. In annihilation of an electron and a positron par- 
ticles having a rest mass form particles (y-quanta) having 
ПО rest mass. Although the word "annihilation" means de- 
struction”, no destruction of mass and energy occurs 1n these 
transformations, and the law of conservation of mass and 
energy is observed absolutely strictly. Typical exam les of 
transformations of elementary particles are given in Table 139. 
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TABLES AND GRAPHS 


Energy Levels of the Hydrogen Atom 


The energy levels are calculated by formula (6.2), in which 
n is assumed to equal 1, 2, 3, 4, etc. Using an energy level 
diagram, it is easy to calculate the frequencies of the spectral 


lines of the hydrogen atom from Eq. (6.4). 


= ыыы о. Я o 


at 
Lymon 
series 


Fig. 90. Energy levels and emission spectrum of a hydrogen atom 


Upon transition of the electrons to the level with n = 4 


e Lyman series (Fig. 90) is emitted. 


are in the ultraviolet region of the 
Eus. Upon transition to the level n = 2 the lines of 


a system of lines called th 


The lines of this series 


e Balmer series are emitted (four lines of this series are і 
the visible part of the spectrum, and the remaining ones ЇЇ 
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the ultraviolet part). Upon transition to the level with n — 3 
the lines of the Paschen series (in the infrared region) are 
emitted. 

The numbers near the shortest arrows of each series in 
Fig. 90 indicate the maximum wavelength in À in the given 
series (1 А = 40-8 cm). 


10-0525 
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0.1. MENDELEEV'S PERIODIC | 


$ 2? E LEM ENT 
M | 1 П [T] |- ту у 
1 
MEM! i 
— 10079 — 1 L ; 
„|н? Bet |, ? Bi, s С. N 
6.911 9.0122 H 1081 |» um 14006] 
1 12 5 13 "E ‚ вр 
з | ш |Na M; H Al Si BT. | 


Н 2 
ми |С — ва а ш Та à 


" is і 
| 
6 132.9054 2137.3 138905 тало 2180.948 
$59] 7 


E 
4 2! 
4 э [2 ю |} в 82 $ us | 


18 18 
x | Н 
хе А Нап Т: Ро В! 
= 1 sei FTEHETCUHEETIIB 
7 | se 3 s | 1 п | 


8 H 
7) X|Fr Жа НАС” кш  $ 
18) 18| 18 
(223) $| 226.025 [227] йы Ч 


TI 
[232.0384 


„Мое. The places in thc table indicate the symbol of th? 


el 

the element (the lower number). The colu indicate Н 
А ] mns of figures in 

0, P, Q. The figures in brackets are the mass numbers of té m 
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Table 132 


TABLE OF ELEMENTS 


T: 
GROUPS 
==. 


8 


о 


15.9994|] 


ic number (the upper number), the atomic we! 


taper of electrons in the shells in the upward order K, L, 


Or best studied (e.g. Po, Pm, and Cf) isotopes. 


t 
LN 


16* 
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Table 133 


Distribution of Electrons in Atom by Layers and Shells 


Ben 
2.5 
885 a a © сз 
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ЕЕЕ 
ae 
e єз NNN N 
HEB EE - | & 
ahs | & | sea я 
H H HHH H 
m = 
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Е 
o | е | --- | ә 
a] & + 
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её = e 
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n 
5 
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Table 134 


Main Lines of Characteristic X-Ray Spectrum 
of Selected Elements (K-Series) 


Wavelength, À 


Element 


аз | ал | В 
Alumintum 9.89 9.56 
Silicon. <3 sei жшк + > 7.128 7.125 6:768 
Modum: 2:206 | 8з | 1:30 
a 5 3 Ё 
ron ce » 1:940 1.936 1.157 
Cobalt 1.793 1.789 1.621 
Nickel 1:662 1.658 1:500 
Copper 1.544 1.541 1.392 
dino 4 1.439 15485 1.295 
e i .258 1. И 
Selenium v 1:109 1.105 0.992 
Tungsten ' | 0.214 0.209 0.184 
Gold ‘| 0.1435 | 0.180 | 0.159 
Lead . . ена 0:170 0.165 0:146 
т + cs awe acess 0.134 0.126 0.111 
Table 135 


Selected Radioactive Isotopes and Their Characteristics 


Radiation energy, MeV 
a_l 


B-particles prays 


Symbol of 


Element radios Half-life 


isotope 


Carbon .. | C 5568 yr 0.155 
Sodium .. Д 15.0 h 1.39 
Phosphorus 14.3 days 1.71 
Sulphur, . 87.1 days 0.167 
Chlorine. 3.1105 уг 0.714 
Calcium . . $ 152 days 0.254 
Scandium . 85 days 
Titanium . 5.8 min 
Chromium 28 days 
нол. „2. 2.9 уг 


45 days 
Cobalt .. $ 5.3 yr 
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Table 135 (concluded) 


Symbol of Radiation energy, MeV 
Element radio; | Halt-lite 
isotope B-particles ү-гауѕ 
Selenium . | Seij 127 days — 0.2-0.4 
Strontium sr§8 51 days 1.46 = 
.72, 
Zirconium 2755 65 days ( Er 9.40, { 0-23 0 
Technetium | тє 2.12х105уг 0.3 = 
Silver . .. | Agi? |270 days | { 0:087,0.93, 0.1-2.5 
Agli! 7.5 days (255 9.8, 0.25, 0.34 
Cadmium .| са} 470 days = 0.087 
cali 43 days | 0.7, 1.61 0.5-1.3 
Antimony | sp}t5 2 yr 0 i 0-36, “34, | 0.08-0.72 
dine, .. | 313 0.25, 0.34, -0.72 
Iodine 1$ 8.14 days | { 0:61, 0:82' | 0.08-0 
Cesium ..| csl? 27 уг | 0.51, 1.17 0.66 
Promethi- 4 
Um urs рш 2.6 уг 0.22 0.121 
Europium . ui 1.7 yr 0.15, 0.24 | 0.06-0.132 
Thulum , тур 129 days | 0.88, 0.97 0.08 
Hafnium , o 46 days ^W 0.004-0.62 
Tantalum | Taj 111 days 0.53 0.06-1.6 


ga йн 
Tungsten .| у! 73.2days| 0.37, 0.43 0:096. а 


192 
Iridium . . | 1019 74-4 days | (9:10. 0.26, | о.2-0.9 
198 
Gold ...| Aud? 2.7 days (139 0.96, | o 44.1.09 
19! 6, 
А | 3.15 days | ( 0:29. 0-44. | ү 0.06, 0.4 
Mercury . .| Hgg 5.6 min 1.8 0.23 


Thallium , | T1204 


4.1 yr 0.77 > 
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7 Table 136 
Selected Artificially Produced Elements 
Atomic S 
E ym- | Mass numbers 
number Name bol of isotopes Half-life 

61 Promethium Pm 146-15 2 

85 | Astatine At ү; REM 

ЕЙ Francium Fr 23 min 

ЫҢ Neptunium Np 231-241, 2.2x108 yr 
s Plutonium Pu 236-246, 7.5X107 yr 
35 Americium Am 240-246, 243 | 8x103 yr 
ae Curium Ст 238-250, 247 | 4x107 yr 
H Berkelium Bk 243-250, 247 | 700 yr 

15 Californium ct 245-254, 251 | 660 yr 
ne Einsteinium Es 247-255, 254 | appr. 1 yr 
10 Fermium Fm 250-256, 253 5 yr 

1 1 Mendelevium Md 255, 256 30 min 
105 Nobelium No 255 E. 

ae Lawrencium Lr 257 appr. 8$ 
04 Kurchatovium | Ku 260 appr. 0.3 s 


h Note. The mass number of 
half-life is set in holdface type. 


the isolope with 


the greatest 


Table 137 


Angular Momenta J and Magnetic Moments p of Nuclei 


p (in nuclear 


2 Nucl ass number Eos 
0 n 1 1/2 —1.9125 
1 H 1 1/2 2.7928 
D 2 1 0.8565 
2 He 3 1/2 —2.131 
4 0 0 
3 Li 6 1 0.821 
1 3/2 3:2532 
4 Be а 3/2 —1.116 
5 B 11 3/2 2.686 
6 C 12 0 0 
13 1/2 0.701 
7 N 14 1 0.403 
15 1/2 0.280 
8 о 16 0 0 
17 cl 35 5/2 1.368 
80 Hg 199 1/2 0.5 
201 3/2 —0.6 
C E ДЕСЕ 


es that the directions of the 


zi Note. The minus sign indicat , 
agnetic and mechanical moments are opposite. 
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Table 138 
Elementary Particles 
а | в 3 
9|. 
АЕ аё Е 

d Ы о ч 
Particle | S| | £ Б |® А i9» 

Е 2] 33] slE.l gg 228 

&|6| #=| 5 83| 2 = 53s 
Hyperons: ca 
xi-minus | Z- |—1 |1319 | 1/2] +1 |-2 2x10-10 л S 
xizero | 50| 0/1241] 4/2/44 |-2 210-10 nod 
sigma- _ 
minus ZX- |—1 1196 |1/2|--1 |-1| 1.6x10-10 m+n 
sigma- 
zero Хој 0/1192] 1/2] +1 |-1 10-20 n 
sigma- ntn 
plus Z+ [+1 |1190 | 1/2144 1-1] 0.8x 10-10 E 
lambda | A | 0/1145 | 1/2-1 |-1| 2.5x10-10 "P 
Ht ОИ 
Nucleons: 
neutron | n | 0| 940 |1/2|+41 | 0| 1.0x103 е-+У+Р 
proton | p |+1 | 938 |1/2]+1 | 0 Stable - 


|Mesons: 
- K-zero Ko 


K-pl us K* 


pi-plus | n+ 

i pi-zero | ло 

Photon | Y 
Leptons: ` 
| mu-mi- 
| nus-me- 

вол u- 

electron | e- 

v 


neutrino 


498| 0 | of+i 1x10-10 
or 

6x10-8 
+1) 494) 0 0|+1| 1.2x10-5 


+1) 140] 0 0| 0| 2.6x10-8 
0| 135| 0 0] о 10-15 


proton |a| o) ols] ol ol эшк m 


ofa °| o| Stable | 


71]| 106 ļ|1/2| 0| — 2.26x10-6 
—1 10.544] 4/2) 0| — Stable 
0 01/2] o| — Stable 


y+? 
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Table 139 


Sources of Radiation and Detectors for Tracing 
Elementary Particles 


D Source of radia- | What was measured Method of 
icle tion or observed observation 
M Nuclear reactor | p+v=n+et, annihi-| Counters 
lation of et, cap- 
" ture of n 
e Cathode-ray Ratio of charge {о | Fluorescent 
^ tube mass screen 
е Cosmic rays Ditto Wilson cloud 
chamber 
u+, р-| Ditto No absorption of] Ditto 
radiation when pass- 
ing through lead 
was observed; disin- 
tegrates in state of 
+ rest 
a; Ditto Disintegration in | Emulsion 
state of rest 
= Ditto Nuclear interaction | Ditto 
ло in state of rest 
Accelerator Disintegration with Counters 
formation of neu- 
K+ trino 
K- Cosmic rays Disintegration Emulsion 
Ditto Nuclear interaction | Ditto 
Ko in state of rest 
Ditto Disintegration into] Wilson cloud 
л++л- chamber 
= Polonium-beryl- | Mass Ionization 
~ lium source chamber 
р Accelerator Ratio of charge to Counters 
mass and annihila- 
= tion 
y Ditto Annihilation Ditto 
Cosmic rays Disintegration into Wilson cloud 
Ж pem chamber 
An Accelerator Disintegration into | Emulsion 
+7 
2+ | Cosmic rays Disintegration in| Ditto 
Xx- state of rest 
Accelerator Disintegration into Dun cham- 
nn 
Xo Ditto Disintegration into Bubble chamber 
a АО 
8 Cosmic rays Disintegration into| Wilson cloud 
» л-+А0 chamber 
nd Accelerator Disintegration intoj Bubble chamber 
n94-A0 
деи Spark chamber 


Ditto 


yen — РН 
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Table 140 
Effective Cross Sections of Neutrons 
Fast Thermal neutrons 
Element neu- 
trons | Ose | сар | Pact 
-9 | 38 (He) 0.33 — 
-4 0.8 — — 
En 1.4 0.23| 0.23 
-0 11.4 2.53| 0.003 
az 17.5 4.6 | 0.03 
2 1.8 3.7 | 0.64, 2.9 " 
4 9 2.4 | 0.002, 0.02. 0.2, 0 
.3 7 2600 0.1, 0.3, 0.04 
.8 21 380 0.035, 1.0 
Л 11.4 0.17| 0.0003 
2 12.6 1.4 | 7.4 " 
Pi E 2 1.68| 2.73, 0.76 | 
U- 1З 687 107, 580 (fission) 
"u 230 .0 — 1065 315, 750 (fission) 


Note. The first column indicates t t; the second— 
the total cross section of abs Font cements vn 


orption and scattering of fast neu- 
trons (3-10 MeV); columns 3-5 indicate the etfective cross 50С- 
tions (in barns) for thermal neutrons (0.025 eV): Osc is the 


scattering cross section, с —the absorption cross section, 


a 
M TA Cross section a formation of an artificial ele- 
ment (the activation Section) for various isotopes. For ura- 
nium-235 and plutonium-239 t i Potions of the 
fission reaction are indicated, he effective eroas sectio! 


Table 141 
Mass Absorption Coefficients of X-Rays 


(ф =) 


Elements 


9.2 | 0.107]0.177]0.183| 9.97 j psg 
0.4 | 0.243/0.34 |0:338| 2-27 кы ш | 33 
0.8 | 9.40 (0.73 50:730] 3:3 22:1 | 19 17 | (77 
9.8 | 0.80 [1:51 4:53 | 7:3 | 20.8 | 32 39 | 147 
10 [i40 x6 | = | aao | 60-7 ul 71 | 
Annis = erm o. [eia ТУ [as 
i39 | = j= Das [jan 228 174 | 180 
14155 | — [| | р ee | [258 
aad [= Le dome» fen da ТОР РО 
2-0 now L= [.— [os [ [is |i | — 
= hoe | ов i$ |1% | — | 
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Table 142 


Mass Absorption Coefficients of Electrons in Aluminium 


Energy, eV E cm?/g Energy, eV 4, cm?/g 
9x102 2.5x106 1.0x105 1.3x102 
5.8x103 1.5x105 2.0x105 29 
1.05х104 3.5x104 4.6X105 9.0 
4.66x104 7.4х102 6.6105 6.0 
Table 143 


Maximum Permissible Doses of Radiation 


The danger of internal radiation depends on what organ is 
affected, A critical organ is one in which the accumulation ofa 
radioactive isotope affects the entire organism toa greater extent. 

anitary rules establish three groups of critical organs: roup 
I—the entire body, the gonads, crystalline lens, and blood-form- 
ng organs; group II—the muscles, adipose tissue, liver, kidneys, 
Pancreas, "prostate gland, gastro-intestinal tract, and lungs; 
Group III—the skin, thyroid gland, and bones. 


b Internal radiation 


External | 
radiation || Group I || Group II | Group Ш 


| 


Category of 
radiation 


mrem 


week 


of entire 
ulation PO?” 1 [0.05] 110.05] 10 | 0.5) 20 1 


—— 
Note. In all cases by an age of 30 years the total dose 
Should never exceed 60 rem. 


Table 144 


Path of a-Particles in Air, Biological Tissue, 
and Aluminium 


Energy In air, In tissue, In aluminium, 
Me em um um 
| eb о № 
4.0 2.5 31 16 
5.0 3.5 43 23 
6.0 4.6 56 30 
7.0 5.9 72 38 
8.0 7.4 91 48 
9.0 8.9 11 58 
10.0 10.6 130 69 


Components of Complete Attenuation 
of y-Rays in Lead and Aluminium 


50 x3 


Attenuation factor, стт! 


[T] 
01 020304 2345 10 2030 
Energy, MeV 


Fig. 91. 
where, Complete attenuation factor of gamma-rays p = o +t +,% 


nd x are attenuation factors taking i account Compton 
ананда, hotoelectric absorption, and a 0:000 of electron" 
n pairs, respectively, in lead (Pb) and aluminium (Al). LOB 
гі с scales are used along both axes 
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Binding Energy of Nuclei 


The mass numbers are laid off along the axis of abscissas 
(Fig. 92), and the values of the binding energy per nucleon 
in MeV along the axis of ordinates. The values of the binding 
energy for light nuclei are given in the form of separate 


Even Z und M 


5 
© 
E 


87 


und M 


Odd 


Binding energy, MeV /nucleon 


1.0 А 
0 20 40 60 80 10 120 140 760 №0 200 220 240 


Mass number 


Fig. 92. Curve of binding energy of nuclei 


Points; the solid curve is the averaged values by isobars; 
ка peaks and valleys in the curve are observed in experi- 
ents, к 
The inside graph shows the experimental values for nuclei 
with mass SES from 50 to 100 (the scale along the axis 
ordinates has been increased). К 
Nuclear energy сап be released either by the fission of heavy 
nuclei or by the synthesis of light ones. In both cases ан 
Nuclei are produced with а greater binding energy than t at 
fore the transformation. 
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Examples of Nuclear Reactions 


Nuclear reactions proceed with the liberation or absorption 
of energy. 


i i i ft-hand 
In the reactions given below, the numbers in the le 
sides of the reactions indicate the magnitude of the e: 
energy, and in the right-hand sides—of the liberated en 


in MeV: 

. ИМ +%Не» 4-1.1 = 10g -- 1H,. 

3 ULis 4- 1H; = 24He; +17.3. 

- Alig +4Hez -+28.2 =30P 1,4 ing. 

E Мп — мс, рін, +4.0,6, 

. PAL s+ 1205 — 311,480, -+ tng -- 28.2. 


» 232Thgo- ino — 233 hoo. 
PST hoo + 232ра, te, 


233рар — 233, + e7, 


oa ek co pto к> 


in the equations indicate that the 


action is spontaneous. ; 
Energy equal to about 200 MeV is released in the fission 


of one uranium nucleus, The energy released by one gramme 
of uranium equals 2 X 109 kWh. 


Synthesis of Helium from Hydrogen 


The production of helium nuclei by the synthesis of hydro- 
en nuclei is of j i 


1. 


*Hi--2H, > «Не, 13.138. 
2 


#Н,-ЫН, зне, y4 Бл, 
3. 3Hej--1H, -> tHe + e+ 448.7, 
3Hep+ 1H, + Нез -- 2H, 4- 14.3. 
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Reactions of Nuclear Synthesis 


Reactions of nuclear synthesis can proceed only at high 
temperatures (scores of millions of kelvins). Some examples 
of such reactions are given below. 

4.20, 4H, > 3N;-4- y +1.9. 
13N7 — Ce e*-- 1.2. 
13C, 4- tH; > ММ 4- 7.5. 
14N7+ 1H; —> 1508-44 y 4- 7.3. 
150g > 15N7 J- e*-- 1.7. 
15N7-++ 1H, > 12C,-+ 3Hep +4.9. 


wn 


eas 


APPENDICES 


I. Some Frequently Encountered Numbers 


m= 3.441 593 V'z—1.77245  4°=0.017453 rad 
4n = 12.566 37 - e—2.718282 — 41'—0.000294  » 


2. 0.636 62 V 2= 1.414 21 1”=0.0000048 » 


n? = 9.869 60 V 3=1.732 05 


П. Formulas for Approximate Calculations 


=. — 0.031 < z < 0.031 
Vitfsa-l. — 0.085 < z < 0.093 
1 1 2 
ТТЕ mot — 0.052 < z < 0.05: 
Sinz—z —0.077 < = < 0.077 


e*—1-bz — 0.045 — z < 0.045 


4 — ich 
The inequalities indicate the range of values of z for whic 


8 
the error of the computations by the approximate formula 
does not exceed 0.1%. 
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ПІ. Elements of the Theory of Errors 


All measurements can be performed only up to a certain 
degree of precision. 

Precision is determined by the last significant figure of the 
measurement. To exclude chance errors which are always 
possible, the measurement should be repeated several times 
and the arithmetic mean of all the results taken. 

If a quantity A has been measured n times and А1, РРР 
.. «4 Ал are the results of the individual measurements, then 
the arithmetic mean is 


Ашеап = 


Atât.. tAn 
n 


The deviation AA; = |Amean — А | is called the absolute 
error of a single measurement. The quantity 


Aden Ms Mg on thn 


is called the mean absolute error of the measurement. 
Usually it is considered that A mean—44 <A <A meant AA. 


The ratio is called the mean relative error of the 


mean m 
measurement and is usually expressed in per cent. 

The result sought by the experimenter is rarely found by 
measuring only one quantity. It is generally necessary to 
measure several quantities and to calculate the desired result 
by a formula. The following table gives expressions for 
finding the absolute and relative errors of calculations carried 
out by some frequently encountered formulas. 


Relative 


r= bsolute 
Relative For: А STOP 


For- | Absolute 
error mula error 


mula error 


AA+AB | A. |BAA+AAB) АА | AB 
ЖАГ В | Ж Tai" 781 


AA + AB АП | na} ЛА nm 


A+B] ЛА +АВ 


A—B 
5A 4B | Та вт TAI 
1-n 
AA АВ | nez | 5A aA i AA 
ав |AABHBAA А+ Вт ИА x^ я АТ 
sin A || cos A | aA | | cot Al AA | cos А |1зїп A | АА | {ал A | АА 


17-0525 
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i i S 

mple. To determine the density of a solid one measure: 

ieu and its mass. Assume that the volume И 

measured with an accuracy of 1.5%, and the mass УШ 
accuracy of 1%. Then the relative error of the deter! 
value of the density is 2.5%. Hence, we may write: 


m 
(+) (10.025) <% < (+) (1+ 0.025) 
V mean p mean 
IV. Prefixes for Multiples 
and Submultiples of Units 
-1 
Tera (T) .. . 1012 Centi (о) „ШУ 
Giga (G) . 10? Milli (m) 10-* 
Mega (M) . T . 106 Micro (ц) 107. . 
Kilo (k) + 103 Nano (п). . 10-5 
Decl (4)....) Far. МОЕ" PICO ру. а.е 
V. Units of Selected Physical Quantities 
Mass 
1 ton — 10 centners — 1000 kg 
1 carat = 2 x 10- g 
1 pood = 16.380 50 kg 
Length 
1 y (micron) — 10-* m 1 mile (U.K.) — DO Um 
1 (angstrom) = 10-8 с; 3 і ile = 1852 
iX (пір = fort ео тл пше eg x 105 kr 
= Lu эө 
[) $ m + = 10 m 
1 yard = 0.914 40 m " Sita 
Time 
n [ES 2 rae Se р 
у =. 2 = 0 = 
i h= 60 min 13800 min 86 400 s 


Pressure муш? 
1 at (technical) = 1 kgf/cm? = 135.6 = 9.806 65 x 10* Мт 
imm Hg (millimetre of mercury) Be БЕ, ae = 1333 dyn/cm" 
= . In 
1 atm (standard atmosphere) — 760 mm Hg = 1.033 kgf/cm? = 
= 1.013 х 10* dyn/cm? = 1.013 X 10* N/m? 


Temperature 
Number of degrees Celsius ес) = 5 R - 5 (ер m 
= (К — 273). Here °R stands for the number of degrees on the RÉS 


m- 
mur scale, °F—the numbe K—the nw 
ber of kelvins, T of degrees Fahrenheit, and 
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- Thermal Conductivity 
1 keal/m-h-K = 2.778 x 10-3 cal/em-s-K = 1.162 x 10-* W/em-K 


Work and Energy 


W-h = 3600 


1 J 

1 J (Youle) = 10* erg = 0.239 cal (calorie) 
1 kgf-m [kilogram(force)-metre] = 9.81 J 
1 


kcal (kilocalorie) = 1.16 W-h 


eV (electron-volt) = 1.6019 x 10-!* erg = 1.6019 x 10- J 


Power 


1 W = 10? erg/s, 1 kW = 102 kgf-m/s = 1.36 hp (metric horsepower) 


Capacitance 


1 ст = 1.11 pF = 1.41 x 10-1 F 


VI. Universal Physical Constants 


Gravitational constant y 
Volume of a mole 
Of an ideal gas in standard 
Conditions У, 
Molar gas constant R 
Faraday constant F 
Avogadro constant N 
Boltzmann constant k 
Mass of a hydrogen atom mg 
Mass of a proton тр 
Mass of an electron me 
Charge of an electron e 


Velocity of light in a vacuum c 
ien constant c, 
lanck constant h 

Stefan-Boltzmann constant c 

Rydberg constant for hydro- 
кепн 

Rydberg constant for deuteri- 
um R 

Bohr magneton Hp 

Nuclear magneton Hn 


6.67 X 10-й kg-!-m*.s-? 


22.4207 1 
8.314 J.K-!-mol-! 

96 520 Cum. 

6.0247 x 109 mol-* 
1.8805 x 10-1* erg-K-* 
1.873 х 107 g 

1.672 x 10-м g 

9.108 x 10-5 g 

4.8029 x 10-1 CGSE 
1:602 X 10-2 .C 

2:997 93 X 101° cm-s-t 
0:289 780 cm- K 

6.6254 x 10-27 erg-s 
5.6696 x 10-12 W-cm-*-K- 


109 677.576 cm-t 
109 707.419 ст! 


9.273 x 10-21 erg/Gs 
5.050 x 10-24 erg/Gs 


17* 
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VIII. Fundamental Equations of Electromagnetism 


Written in the SI 


and CGS (Gaussian) Systems of Units 


Law or quantily 


Coulomb's law... 
Intensity of field 
of point charge 


Intensity of field 
of plane capaci- 
tor... eee ee 


Force actin, on 


Work of displace- 
ment of charge in 
electric field. . . 


Capacitance .... 
Capacitance of 
plane capacitor . 


Moment of electric 
dipole ...... 

Density of electric 
field energy 


Ohm's law...-- 


Power of electric 
current... 


Electrical 
ӨМСӨ за 


Interaction of !ong 
parallel conduct- 
ors carrying а 
current .. . . . 


Magnetic flux . . - 


Biot and Savart's 
ЈА аавв е 


5І CGS 
_ 92 pa LL 
F 4meeor2 ЕТ? 
q к= 4 
E= лего er? 
eX nom 
220 e 
F=qE 
A =90 
4 
2205 __ 25 
c= 208 | с=з 
pa 
к? EJ 
пра U 
wm 
P=iU 
П 
вер 
iti 1 ви 
oitial M 802-15 
r= a FE P 
Ф = BS 
iAl sin 0 _ 4 зто 
aH =12—2—— Ана 


алг? 
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Law or quantity SI CGS 


AC |. - ___ ee 


Intensity if mag- 
е! 


netic id of for- i 1 i 
ward current .. H= 5y Hie er ET 
TEN 
Ampere's law ... AF = Bi Al sina АЕ = — Ві Al sina 
Lorentz force ... F=qBsina F— i qoB sinc 
Law of electromag- АФ EN 
netic induction == = 
Inductance of sole- 2, 4лр №25. 
ЖО oce айй „= HENS = 29" 
Density of magnet- шон? pH? 
ic field energy Шш = Um = “on 
Thomson formula T—2xV LC = E утс 


Неасќапсо ..... | Rp ar, -5 RL, c= ua 
Density of electro- 
magnetic wave 


pes иены СЕЕ" в= 27 ЕН 
Velocity of light жс. = 
V ipogeo ер 


Note, uations i stems 
are given Есш o а hav ing the same form in both sy 


e of the two columns). 


INDEX 


Absorber, perfect, 213 
Absorptance, 214 
Acceleration, 22f 

angular, 24f 

centripetal, 26f 

free fall, 27, 28, 36, 37 

normal, 

tangential, 26 
Accumulator, 142 

capacity, 142 

charging, 155 

discharging, 155 
Ampere, 19, 165 
Amplitude, 

acceleration, 111 

harmonic motion, 101 

resultant displacement, 107 

vibrational velocity, 111 
ngle, 

aperture, 207 

Brewster, 208 

Critical, total reflection, 198 

deviation, 

incidence, 197 

phase, harmonic motion, 101f 

prism, 199 

maximum, 199 

reflection, 197 

refracting, 198 

refraction, 197 

rotation, 25 

vision, 200 


Annihilation, 239 
Anode, 141 
Antenna, 193 
Antiparticles, 238 
Atmosphere, 80 
Atomic mass unit, 226 
Axis, lens, 
principal optical, 199 
secondary, 199 


and, 
conduction, 145 
forbidden, 145 


valence, 145 
Barn, 233 
Baryon, 238 


Biretringence, 208 
Bob, pendulum, 103 


Body, 
black, 213, 214 
crystalline, 69 


Boiling, 69, 70 


Calorie, 67 


Candela, 19, 196 

Capacitance, 127 
system of capacitors, 
two-wire line, 12 

Capacitor(s), 127 
coaxial cable, 128 


cylindrical, 
parallel pla! 


oxide, 144 


128 


te, 128 


11, 
electrochemical, 142 
galvanic, 142 


Voltaic, 142 
Centimetre, 19, 
Centre, 


of gravity, 49 


optical lens, 
Charge, 
elementary, 


170 


199 
123, 


negative, 122 


positive, 122 
Circuit, 

electric, 137 

oscillating, 


188 


124, 


128 


226 


266 


Coefficient, 

diffusion, 73 

gas, 81 
friction, 38 

gas, 81 

static, 38 
internal friction, 61, 73 
linear expansion, 71, 72 
pressure change, 75 
reflection, 197 
sound absorption, 112 
spring elasticity, 103 
Temperatures of resistivity, 


thermal e.m.f., 147 
volume expansion, T71f, 75 
Compressibility, 55 
isothermal, 110 
Condensation, 69 
Conductance, 137 
Conduction, heat, 72 
Conductivity, 
electrical, 137 
in gases, 143 
induced, 143 
intrinsic, 143 
semiconductor, 146 
electronic, 146 
ное, i 345 
mpurity, 
intrinsic, 146 
n-type, 146 
p-type, 146 
thermal, 727 
gas, 81 
Conductor(s), 
in electric field, 129 
electrolytic, 140 
electronic, 136 
Constant(s), ' ' 
Avogadro's, 75 
damping, 106 
dielectric, 123 
diffraction grating, 206 
disintegration, 233 
emission, 143 
Faraday, 142 
gravitational, 35 
Planck's, 210 
quasi-elastic force, 102 
rotational, 209 
unit, 
Stefan-Boltzmann, 214 
van der Waals, 76 
Convection, 72 
Coulomb, 124 


Crystal, optical axis, 208 
urie, "230 


Indez 


Current, 
alternating, 182 
effective value, 182 182 
instantaneous value, 
amplitude. 18 
density, 135, 141 
in thermionic emission, 
direct, 135 
displacement, 188f 
eddy, 171 
electric, 135 
element, 162 
Foucault, 171 
induced, 169 
instantaneous, 135 
pulsating, 182 
saturation, 143 


143 


a source, 136 
urve, 
magnetization, 172, 173 


melting, 69 
Telative' luminosity, 195 
saturation, 70 
sublimation, 70 
vaporization, 70 


Decibel, 113 
Deformation, elastic, 93 
РЕ, 39 t 
ulk, 
current, 135, 141, 143. 188 
energy flux, 3 
volume, 39 
Diamagnetics, 172f 
Difiraction, ^08 
ffusion, 7 
Dipole, electric, 129, 193 
spersion, light, 
Distribution, Maxwell, 78 
Domains, 130, 174 
Dose, 
absorbed, 237 


Tate, 237 
Dyne, 32 


Effect, 
photoconductive, 211 
photoelectric, 210 
photoemissive, 210f 
piezoelectric, 130 
thermoelectric, 147 

Elasticity, bulk, 59 

ВЫ ^ 
ectrodes, 42. 
electrochemical potential. t 


| 


| 


р 


Indez 

Electrolysis, 444 Ferroelectrics, 130 

lectrolytes, 140f Ferromagnetics, 172ff 

Electromagnet, lifting force, 171 Field, 

Electron(s), electric, 124 
absorption, 235 electromagnetic, 189 
group, 229 electrostatic, 124 
layer, 229 magnetic, 161, 167 
mobility, 135 vortex, 165, 169, 188, 
shell, 229f Fluid, 
spin, 229 ideal, 60f 


Electron-volt, 226 

Emission, thermionic, 143 
Current density, 

Emittance, 214 


Energy, 40 
Charged capacitor, 129 
density, 129 
magnetic field, 171 
internal, 


kinetic, 40f 
rotating body, 41 
magnetic field, 171 
potential, 40 
in Earth's gravitational 
field, 41 
elastic deformation, 56 
total mechanical, 40 
transfer, 67 
quation(s), 
о Mendeleev, Tt 
apeyron-Mendeleev, 
Einstein's, 211 
Maxwell, 189 
plane harmonic waves, 
Of state, ideal gas, 
Egan der Waals, 76 
quilibrium, 
dynamic, 70 
on inclined. plane, 
neutral, 
Stable, 49 
thermal, 66 
unstable, 49 
quivalent, 
Chemical, 141 
E electrochemical, 
TE, 41 
Errors, measurement, 257 
absolute, 257 
Е relative, 257 
‘Vaporation, 69 
Ехрозше, radiation, 237 
EI relative sensitivity, 
'yepiece, 201 


108 


юг 


141 


195 


Factor, power, 182 
Farad, (28 


steady flow, 60 
viscous, 60f 
Flux, 

luminous, 195 
magnetic, 168f 
radiation, 195 
Focus, lens, 199 
Force(s), 30 
attraction, 
body and Earth, 35 
two point masses, 
centripetal, 35 
conservative, 
electromotive (e.m.f.), 


extraneous, 136 
friction, 37f 
gestum 36 
internal, 33 
Lorentz, 164 
magnetic, 161 
nuclear, 230f 
quasi-elastic, 102 
surface tension, 

ш зе. 1 
arometric, 
Planck's, 214f 
Stoke's, 
TThomson's, 188 

Friction, 


static, 


37 
Function, distribution, 78 


spark, 144 
Gaps. liquefaction, 78 


162 
баеп, potential, 127 
Gramme, 
Gramme-mole, 75 
Grating, diffraction, 
Gravity, specific, 3 


206 


267 


189 
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Heat, 67 Intensity, 
‚ 70 magnetic field 
fasion ee 7 in straight conductor, 467 
transition, 68 in straight solenoid, 
vaporization, in toroid, 167 112 
external, 71 plane sound waves, 
internal, 71 Sound, 111 
specific, 70f Interference, 203f 

z takal bor Tenization, 3 К 

е 17 ons, 

Hole.” 146 Isotherms, van der Waals, 76f 

umidity, Isotope, 230 
absolute, 81 
maximum, 81 
relative, 81 Joule, 41, 139 
Hysteresis, magnetic, 173 
Kelvin, 19 

Illumination, 196 Kilogram, 18 

Impedance, 183ff Kilomole, 75 T 

Impulse, 32 Kilowatt-hour, 1 

Impurities, Kinematics, 21 
acceptor, 146 
donor, 146 Law, 

Index, refraction, Ampere’s, 162 5, 167 
absolute, , 198 Biot and avare, 165, 
relative, "8, 

Inductance, 170 Вотан 


i 
rotary, 33 

nstrument, optical, least re- 
solved distance, 207 


Insulator, 
Inte salen in electric field, 129 


Coercive, 173 

electric field, 124f 
point charge, 124 
uniformly charged 


unitormly charged 
na E: 

uniformly charged 
124 £ 


light, 197 

luminous, 196 

magnetic field, 162f, 165, 167 
at S of circular current, 


movi. charged Particle, 


cylin- 
plane, 


sphere, 


Charle’s, 75 o^ 
conservation of angular ™ 
mentum, 34 electric 
conservation of 
charges, 122 gy, 80 
conservation of sna "шо" 
conservation of impu 
mentum), 33 
Coulomb's, 123 
Dalton's, 80 
displacement, 
Faraday's, 
first, 141 
second, 1441 
Gay-Lussac’s, 75 
Hooke's, 53f 
for shear, 55 
Kirchhoff-Bunsen, 
Kirchhoff's, 214 
first, 
second, 140 
Lenz, 169 
Newton's, 
first, st зи, 33 
second, , 
for rotational motion» 
third, 32f 
Ohm's,' 137 addi" 
parallelogram, vector 
tion, 18 
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Law 
Pascal's, 59 
photoemissive effect, 210f 
right-hand screw, 25 
Stefan-Boltzmann, 214 
thermodynamics, 
first, 68 
second, 68 
third, 68 
universal gravitation, 35ff 
Wien's displacement, 214 
Lens, 199 


Optical centre, 199 
power, 203 
principal elements, 
thin, f 

Lepton, 238 

Levels, energy, 228, 240! 

Lever, 50 

Light, 195 
dispersion, 207 
natural, 207 
polarization, 207f 
imit, elastic, 54 
e, 


199f 


of force, 
electric field, 125, 126 
magnetic field, 165f 
Fraunhofer, 
two-wire, capacitance 
Loop, hysteresis, 173 
Osses, 
ionization, 235 
Tadiation, 235 
umen, 196 
‘uminance, 197 
uminosity, relative, 195 
ux, 196 


Magnetic, 171 
agnetization, 171 
Saturation, 173 


Magnetostriotion, 174 
riction. 
Magnification, i 
magnifying glass, 201 
microscope, ff 
optical instrument, 204 
Ma telescope, 2021 
an roentgen equivalent (rem), 
3 
Mass, 


electron, 227 
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Mass, 
point, 21 
proton, 227 
Materials, 
brittle, 54 
plastic, 54 
Maxwell, 169 
Meson, 238 
Metre, 18 
Mobility, 
electron, 135 
ion, 1 
Modulus, 
bulk, of elasticity, 55 
piezoelectric, 131 
shear, 55 
Young's, 54 
Molecule(s), 
average kinetic energy, 80 
distribution by velocities, 78f 
mean free path, 78 
velocity, 
average, 79 
most probable, 78 
root mean square, 79 
Molion, 123 
Moment, 
electric dipole, 129 
of force, » 164 
of inertia, 33f 
magnetic, 164, 171 
of momentum, 34 
Momentum, s 
angular, 
Motion, 
curvilinear, 21 
in Barth's gravitational field, 


7 

harmonic, 1010 
mechanical, 21 
non-uniform, 
oscillatory, 101 
rectilinear, 21 
rotational, 
uniform, 2. 

circular, 34f 
uniformly etree en 22f 
vibrational 

Multipiets, oharge, 838 


Nucieon, 230 

Nucleus, 

binding energy, 232, 253 
half-life, 233 
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Phase, 68 
unm 230 angle, 101f 
mass defect, 232 difference, 102 1012 
mean lifetime, 233 harmonic motion, 
radius, 232 Phot. 196 
er, Photoeffect, 
baryon, 238 barrier-layer, 211 
lepton, 238 intrinsic, 211 
magic, 230 Photometry, 195 
mass, 230 Photon, 210 
quantum, 228f Plane, 
magnetic, 229 focal, 199 
main, 228 polarization, 208 
orbital, 229 vibration, 208 427 
spin, 229 Plates, capacitor, 
of revolutions, uniformly ac- Point, 
celerated rotation, 25 boiling, 69 
wave, 108, 194 Curie, 130, 172 
melting, 69 
Objective, 201 triple, 70 
goular 204 © zelo, а. 
ersted, oise, 62, 
Ohm, 137, 138, 141 Polarization, light, 207f 
Orbit, stationary, 228 Poles, 136 
Oscillations, 101 negative, 136 
damped, 105f © Positive, 136 
electric, 188 Potential, 142 
forced, 106, 108 absolute normal, 
free, 104 electric field, 125 


harmonic, summation, 107 


1 hemical, 142 
mechanical, 101 fonizati 


i 143 
naturals ч Power gt 214 
periodic bsorptive. 
self-maintained, 106 alternating current, 18? 
dose, 237 
Paramagnetic, 172 emissive, 214 
ath, factor, 182 
Don ре, 18 . lens, 203 
ica radia 195 
Pendulum, Precision” “measurement, ш; 
mathematical, 103 Pressure, 59 
physical, 103 atmospheric, 80 
Simple, 103 critical, 77 
torsion, 104 a8, 18 
по 4 fint, 209 
, 103 partial, 80 
oscillation, 101 radiation, 209 
natural, 188 sound, 112 807 
Physical pendulum, 104 standard atmospheric, 
simple pendulum, 103 Principle, 
torsion pendulum’, 104 Archimedes’, 60 
Permeability, Huygen-Fresnel, 205 
absolute, 163 Pauli’s, 144 9 
initial, 172 Pauli's' exclusion, 22 
relative, 163 Process, 
Permittivity, 123 is adiabatic, 76 
rroelectrics, 0 
relative, 123 isothermal, 7 


isothermal, 75 


Index »74 


Proton, 227 

Pulley, 50, 51 
block, 
fixed, 50, 51 
movable, 50, 51 


gua circuit, 184 
uantity(ies), 
heat, 67 
scalar, 17 
vector, 17 
Quantum(a), 
energy, 228 
radiation, 210 


Rad, 237 
Radiation, thermal, 212f 
Radioactivity, 


artificial, 233 
natural, 232 
Ratio, Poisson's, 55 
Ray, 
extraordinary, 208 

ordinary, 2! 
Reactance, 
capacitive, 183 
inductive, 183 
Reactions, 
nuclear, 233, 254 
effective cross section, 233 
nuclear synthesis, 
thermonuclear, 234 
Reflection, 
diffuse, 198 
mirror, 198 
regular, 198 
total, 198 ` 
Refraction, 
double, 208 
index, 198f 
Relative biological effectiveness 
(RBE), 237 
Resistance, 137 
medium, to flow, 61 
ohmic, 183 
Resistivity, 137 
semiconductors, 144 
temperature dependence, 138 
Resonance, 
current, 184 
parallel electrical, 184 
Series electrical, 184 
Voltage, 184 j 
Retentivity, magnetic, 173 
Rigidity, torsional, 104 
Hoentgen, 237 


Rotation, 
dynamics, 33ff 
non-uniform, 24 
uniform, 23f, 26, 34 
uniformly accelerated, 24f 

Rule, see also Law E 
left-hand, 163 
parallelogram, 107 
right Bang screw, 34, 


65, 


Scalars, 17 

Scale, temperature, 66 
Celsius, 67 
Kelvin, 66 
practical, 66f 
thermodynamic, 66 

Screw, 52 

Second, 19 

Self-inductance, 170 

Self-induction, 169f 

Semiconductors, 144 

Series, 
Balmer, 240 
Lyman, 240 
Paschen, 241 

Shear, 55 

absolute, 55 

relative, 55 


mean, 67 
iem), Dif 
Spectrum(a), 2 
absorption, 212 
band, 212 
continuous, 211 
electromagnetic, 
emission, 212 
line, 212 
characteristic, 230 


190ff 


Spin, ` 
electron, 229 
nucleus, 231 

State, critical, 70, 77 

Stilb, 197 

Strain, 
lateral, 54 
longitudinal, 54 

Strangeness, 238 
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Stress, 54 Velocity. 

ultimate, 54 molecule, T 
Sublimation, 69 most probable, 8 19 
Superconductivity, 138 root mean square, 


Surface, equipotential, 127 
Susceptibility, magnetic, 
System, 

closed, 33 

isolated, 66 


1721 


"Temperature, 66 
olute zero, 66 

critical, 77 
scale, see Scale 

Tension, surface, 74 

Tesla, 

Theorem, Torricelli’s, 

Thermoelectricity, 447 

hresh 


old, 
audibility, 112t 
discomfort, 113 
hotoelectric, 211 
Trajectory, 21 
n Earth's field, 27f 


temperature 


61 


Unit(s), 

atomic mass, 226 
basic, 18, 164f 
CGS ‘system, 18 
CGSM system, 162, 164 
definition, 18 
derived, 18 

SI system, 18, 


165, 
Systems, 18f 
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Naporsation; т 
apour, saturated, 70, 78 
Vector), 47 dr 70, 7 
addition, 171 
magnetization, 1711 
polarization, 130 
resolution, 17, 18 
sum, 17f 
Velocity, 
angular, 
average, 24 
instantaneQus, 24 
uniform rotation, 24 
uniformly accelerated rota- 
tion, 25 
average, 22, 79 
electromagnetic waves, 190 
escape, 28 
first cosmic, 27 
instántaneous, 22 
linear, rotational motion 


L 


cond м 
uniform moti А 
uniformly accelerated motion, 


vibrational, 108 
wave, 108 
dispersion, 108 
longitudinal, 109f 
sound, 110 
surface, 110f 
transverse, 110 
Vibrations, 101 
infrasonic, 112 
ultrasonic, 112 
Viscosity, 61, 73 
ав, 
МЕЕ. 
aylight, 
twilight, 195f 
Voltage 125 
oltage 
breakdown, 144 


Volume, critical, 77 


Watt, 41 

Taret LOE 4a 
capillary, 
cylindrical, 109 
electromagnetic, 
clementary, 
tront, 10g 
gravity 
infrared, 212 
linearly polarized, 
longitudinal, 109 
number, 108, 194 
phase, 
plane, 109 
resultant, 


190 


207f 


wav 


Work, 
electric current, 
function, 143 
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